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ABSTRACT 
 
Activated sludge system is widely used in treating wastewater. However, this system 
creates a lot of waste activated sludge (WAS). The abundance of WAS creates serious problem 
to municipalities and industries in term of treatment cost and waste management. Hence, the 
purpose of my Ph. D. study is to seek an appropriate means for WAS management.  Here, four 
approaches for utilizing WAS effectively are investigated; 1) WAS reduction at low temperature 
by using low temperature tolerant bacteria, 2) biohydrogen production from WAS and oil palm 
frond (OPF) juice by engineered Escherichia coli strain, 3) CO2 sequestration using microbes 
present in WAS, and 4) methane energy production from seawater by microbes in WAS.  As a 
result, 1) WAS reduction at a low temperature was improved by Pseudomonas sp. VNT and 
Aeromonas sp. VNT which were isolated from WAS itself under a low temperature, 2) WAS 
was found as an effective substrate as well as an additional nutrient source when added to oil 
palm frond (OPF) juice for elevated biohydrogen production by an engineered Escherichia coli 
strain, 3) enrichment of WAS, by which active methanogen was dominated, showed great 
potential to sequester atmospheric CO2 for methane production, and 4) active methanogens in 
WAS shows the potential to use carbonate sources in seawater as well as to tolerate high salinity 
of seawater during methane production. 
 
Taken together, the findings in this study are indeed important as a means for effectively 
utilizing WAS which burdens the environment and to solve the high treatment cost of WAS. 
Throughout this study, the volume of WAS can be controlled by a practical way using 
bioremediation and bioenergy production.  
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
 
1.1 Introduction 
 
Waste activated sludge (WAS) is the most abundant waste produced from wastewater treatment 
plant (Li et al., 2009). The abundant amount of WAS creates a serious problem to municipalities 
and industries due to its expensive treatment cost, as well as cause environmental burden and 
human health risk issues. WAS contains complex organic molecules that have to be treated and 
reduced (Sheng et al., 2010). Current method for WAS disposal such as landfill and incineration 
method consume about 50-60% total cost of wastewater treatment plant (Guo et al., 2013). Many 
attempts have been made to treat WAS by anaerobic digestion of sludge for biogas production 
(Cavinato et al., 2013; Gallert & Winter, 1997), sludge degradation at a high temperature (Maeda 
et al., 2011), and physicochemical treatment to reduce WAS volume (Sheng et al., 2010; Uma 
Rani et al., 2012). However, a means to effectively utilize WAS is still in a developmental stage.   
 
In this work, we presented the practical way for WAS management that could be applied by 
municipalities and industries. In the first part, the use of bioremediation approach is used using 
isolated microbes able to accelerate sludge reduction at low temperature. Meanwhile, the 
remaining part of this study is to use WAS as a substrate or inoculum sources for bioenergy 
production. This method can be considered as one stone two bird method in which it could treat 
WAS as well as gives significant credit in terms of energy production. We believed that effective 
utilization of WAS can lead to ecofriendly technologies and significant savings for industries. 
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In the first part of this study, low temperature tolerant strains were isolated from WAS itself 
prior for inoculation in WAS to accelerate WAS reduction under low temperature. This is due to 
slow rate of sludge reduction in cold weather area and/or during winter season due to low 
bacterial activity during this time period (Niu et al., 2014). In addition, too many study focus on 
sludge reduction under mesophilic or thermophilic condition without considering about sludge 
reduction at low temperature (Cavinato et al., 2013; Li et al., 2009). Both isolated strains 
identified as Pseudomonas sp. VNT and Aeromonas sp. VNT served the function to released 
cold adaptive enzymes to survive under low temperature (Niu et al., 2012). Throughout the study, 
microbiology and bioremediation approaches were applied in the process. 
 
In the second part of this study, a metabolically engineered Escherichia coli strain was compared 
with the unmodified host in order to utilized biomass sources such as WAS and oil palm frond 
(OPF) juice. The metabolic engineered E. coli strain with knock out of seven genes was proved 
for elevated biohydrogen production from glucose (Maeda et al., 2007b). Thus, the roles of 
engineered E. coli strain in utilization of biomass sources for biohydrogen production were 
compared in this study. 
 
In the third part of this study, single carbon atom in carbon dioxide (CO2) was used for methane 
production by methanogens derived from WAS. This study is in line with the purpose for 
mitigation of atmospheric CO2 for energy generation (Bajón Fernández et al., 2014). CO2 
mitigation strategy was proposed and the ability of WAS to utilized CO2 gas was proved. The 
application of quantitative real time PCR (qRT-PCR) and high-throughput sequencing for 
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quantification and determination of bacterial and archaea communities in WAS were applied 
(Binladen J, 2007; Nadkarni et al., 2002). 
 
The last part of this study reveals the opportunity of seawater as a carbon sources for methane 
production by methanogens from WAS. Ocean is the biggest carbon pool contained dissolved 
organic and inorganic carbon including dissolved CO2 from atmosphere (Zeebe & Wolf-Gladrow, 
2001). However, no studies have been done to understand the potential of seawater as a carbon 
source for methane production due to the salinity constraints that can affect methanogens growth 
and activity (Waldron et al., 2007). In this study, we presented the potential of seawater as a 
source of carbon in order to produced methane energy by enriched methanogens from WAS. 
 
Throughout overall study, bioremediation and bioenergy approaches were used as a means for 
WAS management strategy. Making use of WAS as a bacterial sources or substrate could 
enhanced the effective utilization of WAS. In addition, the use of other biomass sources and 
atmospheric carbon dioxide for bioenergy production could help to provide a low carbon society. 
Furthermore, waste reduction and bioenergy production would drive the industrial profit and 
environmental sustainability, resulting in higher economic and potential value to the nation. 
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1.2 Conventional activated wastewater treatment system 
 
Most domestic and industrial wastewater treatment plant used conventional activated wastewater 
treatment system. This system was reported as effective method in treating wastewater which 
able to discharge clean water as an eluent (Rocher et al., 1999). However, this method creates a 
large volume of waste activated sludge (WAS) and unpleasant odor (Guo et al., 2013). Figure 1.1 
shows common activated sludge system used in industries. Conventional activated sewage 
treatment system consist of a pre-treatment (screening), primary treatment (primary settling tank), 
secondary treatment (aeration tank), and tertiary treatment (final settling tank) (Radjenović et al., 
2009). In wastewater treatment plant, domestic and industrial wastewater will pass through 
screen to separate large size particles such as grit, cans, bottles, paper, and others that can affect 
machine maintenance in further stages of wastewater treatment plant. Then, wastewater will pass 
through primary treatment consist of settling tank to separate oil, water and sludge. Sludge 
produce from this treatment is known as primary sludge. Wastewater will undergo secondary 
treatment in which bacteria works in aeration tank in order to utilize organic contaminant. 
Finally, wastewater will undergo final settling tank in which clean water was separated with 
sludge. The clean water is discharged to river and sludge was returned to aeration tank as WAS 
(Radjenović et al., 2009). The returned sludge with complex microbial cultures contains sludge 
flocs and biofilm which provide significant advantages towards organic wastewater degradation 
in aeration tank (Maeda et al., 2011).  
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Figure 1.1:  Conventional activated wastewater treatment system. 
 
1.3  WAS management practice 
 
It was reported about 2.17 million tons of excess sludge was produced annually in Japan in the 
year of 2004 (Murakami et al., 2009). The treatment cost for WAS management reach up to 50-
60% of the total operational cost in wastewater treatment plant including handling, treatment, 
and disposal of WAS (Guo et al., 2013; Maeda et al., 2011). The current practice of WAS 
disposal is incineration and landfill operation. However, incineration and landfill practice require 
high operational cost due to energy demand and land limitation, respectively (Maeda et al., 2011). 
In addition, both practices creates serious issues regarding cost, environmental concern and legal 
problem (Yang et al., 2011). Hence, due to large volume of generated WAS, WAS management 
development is stringent towards sustainable environment. 
 
The practical way in treating WAS is still in developmental stage. The efficient sludge recycling 
without generating harmful products to human and environment is the best practice of 
sustainable sludge handling (Guo et al., 2013). To date, single or combined system of biological, 
chemical or physical treatment were applied to reduce excess sludge were presented in literature. 
Biological treatment used bioremediation strategy to reduce excess sludge using microorganism 
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to accelerate WAS reduction as well as the use of WAS as a nutrient source or microbial sources 
in bioenergy production (Kim et al., 2012; Li et al., 2009; Mohd Yusoff et al., 2013c). In 
addition, the effects of chemical and physical treatment such as ozonation, ultrasonication and 
alkaline thermal treatment were also presented to effectively reduce WAS (Isazadeh et al., 2014; 
Sheng et al., 2010; Uma Rani et al., 2012). The aims of WAS treatment is to effectively reduced 
the volume of WAS as well as to use WAS as a biomass or microbial sources to achieved 
sustainable sludge handling practice. 
 
1.4  Biological WAS reduction 
 
WAS contains complex organic substances including microbes, sugar, volatile fatty acids, 
enzymes, and etc. The biological WAS reduction was widely studied due to low cost strategy, 
practical, and eco-friendly technology in reducing WAS. Two biological approaches such as 
bioremediation and bioenergy production were used in this study to treat WAS. Both approaches 
were effective in reducing WAS without producing other harmful substances to human and 
environment. 
 
1.4.1 Bioremediation  
 
Bioremediation is the use of microorganism to treat pollutant in the contaminated sample. 
Bioremediation can be divided into in-situ or ex-situ bioremediation. In-situ bioremediation is 
the treatment of sample at the contaminated site, while ex-situ bioremediation is the removal of 
sample from the contaminated site prior to be treated at other place (Scragg, 2005).  
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In-situ bioremediation is less costly due to no requirements for transportation and handling of 
pollutant. Techniques such as bioventing and biosparging were applied to supply sufficient 
oxygen for microorganism to grow and degrade pollutant. In addition, phytoremediation also 
applicable by the use of plants that able to absorb contaminant nearby contaminated site (Koning 
et al., 2008). In-situ bioremediation is the easy and practical environmental treatment without the 
need for excavation of contaminated sample. However, in-situ bioremediation method is uneasy 
to control and high possibilities of contaminant to spread to other areas (Scragg, 2005). This 
treatment usually applicable for treatment of large oil spills in the oceans or soils. For example, 
in the case of Exxon Valdez oil spill in Alaska on 1989. The oil spills covered 2,100 km of 
coastline and 28,000 km2 of oceans, cause severe environmental impact, as well as disrupt the 
ecological habitat (Keim, 2009). During this incident, the use of chemical solvent was not 
successful due to not enough agitation for the mixture of oil, water and solvent (Gilson, 2006). 
Mechanical clean-up by skimmer was also failed due to thick oil that clogged the skimmer, as 
well as rocky cove nearby the contaminated area (Skinner & Reilly, 1989). Thus, bioremediation 
approach is the best way to clean up oil spills as well as cover the whole treatment without 
released other harmful products to the environment (Das & Dash, 2014).  
 
Ex-situ bioremediation techniques include landfarming, biopiling, and bioreactor usage (Koning 
et al., 2008). Ex-situ remediation requires high cost than in-situ remediation techniques due to 
the need for transportation and excavation. However, the process could be easily controlled 
under limited area (Scragg, 2005). Ex-situ bioremediation can be grouped by their treatment 
mechanism such as biological, thermal, physical, or chemical treatment. The combination of two 
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or more treatment can be classified as physicochemical treatment. Biological treatment is the 
process whereby contaminants are degraded biologically to produce carbon dioxide, water, fatty 
acids, biomass and etc. Biological process is low cost process. However, the process require 
longer incubation time (Troiani et al., 2011). Meanwhile physical or chemical treatment requires 
the use of centrifugation, ultrasound, sonication or chemicals such as alkaline treatment to 
separate contaminant. These processes could treat contaminant without the need for long 
incubation period (Bolzonella et al., 2012; Uma Rani et al., 2014). However, it is costly than 
biological treatment and could produce another harmful by-product through chemical reaction. 
The thermal treatment offers fast clean up and the costs are driven by energy and equipment 
maintenance. Thermal process use heat to increase volatility and decomposition of contaminant 
(Prorot et al., 2011). 
 
1.4.2 WAS reduction by bioremediation approach 
 
Mix microbial diversity in WAS served a variety of metabolism for degradation of organic or 
inorganic compound. Many studies proved the use of WAS as a bacterial sources to treat 
pollutant such as pesticides and oils in contaminated soil (Agamuthu et al., 2013; Liang et al., 
2014). Besides that, the inoculation of special microbes into WAS also can help the degradation 
of WAS. Lee and colleague inoculate Exiguobacterium sp. YS1 in WAS to increase the 
solubility of WAS at anaerobic condition (Lee et al., 2009). Meanwhile, Li and colleague 
inoculate Brevibacillus sp. KH3 to increase sludge reduction percentage at thermophilic 
temperature (Li et al., 2009), while Pang and colleague use Agrobacterium sp. LAD to enhance 
aerobic nitrogen removal in WAS (Pang et al., 2015). Thus, the application of WAS as a 
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bacterial source to treat contaminant or the study of WAS reduction could be enhanced by 
application of bioremediation approach.  
 
WAS through bioremediation approaches can be divided into endogenous or exogenous 
treatment. Endogenous treatment is the use of microbes or WAS component readily available in 
WAS for WAS treatment. The nature of WAS serve as a substrate for endogenous metabolism to 
treat WAS (Carlos & Grady, 1998). However, exogenous treatment is the supplementation of 
other microbes, enzymes or chemicals from outside environment to WAS to speed up the 
treatment process. The inoculation of microbes from outside environment use carbon sources in 
WAS as a source of energy (Carlos & Grady, 1998). In this study, WAS obtained from 
wastewater treatment plant was treated under control condition with the application of ex-situ 
bioremediation by bioreactor system. The exogenous treatment was applied due to the 
inoculation of microbes to accelerates the degradation of WAS. 
 
1.4.3 Effects of temperature on bioremediation of WAS 
 
Temperature is one of the important parameters influencing microbial activity and WAS 
reduction. Psychrophilic bacteria grow at temperature range between 0 to 20 °C, mesophilic 
bacteria grow at temperature between 20 to 45 °C while thermophilic bacteria grow at 
temperature between 45 to 122 °C (Bolzonella et al., 2012; Tang et al., 2014).  Psychrophilic 
bacteria tend to grow at low temperature produce cold-adaptive enzymes that are beneficial in 
maintaining metabolic flux at low temperature (Lee et al., 2003; Tang et al., 2014). Psychrophilic 
bacteria is widely found in Antartic, polar and alpine region, as well as ocean, water, river and 
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lake where the temperature climate changes. In addition, psychrophilic bacteria is responsible in 
food spoilage in refrigerator (Tang et al., 2014). In the environmental samples such as in WAS, 
the activity of most microorganisms is limited under psychrophilic temperature (Niu et al., 2014). 
Thus, the WAS reduction is limited under low temperature which creates a problem in terms of 
slow WAS reduction rate especially during winter season and/or in cold weather area. 
 
Mesophilic bacteria is widely used in industries and practically use in WAS treatment for biogas 
production by anaerobic digestion (Nguyen et al., 2014). Most of microorganism can live in 
mesophilic temperature for WAS treatment, as well as it could produce valuable energy such as 
hydrogen or methane gas (Liu et al., 2013). WAS in mesophilic temperature have a significant 
advantage in terms of WAS reduction, practical and cost effective (Liu et al., 2012). 
Nevertheless, mesophilic treatment cannot overcome reduction of volatile solid and inactivation 
of pathogenic organisms like in thermophilic temperature (Song et al., 2004). Liu and colleague 
proved that thermophilic temperature improved volatile solid reduction up to 45%, but high 
temperature affected the sludge solubilization (Liu et al., 2012). Many studies also applied 
thermal treatment such as autoclave, microwave or WAS treated at high temperature to reduce 
WAS volume for energy production (Mohd Yusoff et al., 2013c; Nguyen et al., 2014). However, 
thermophilic treatment requires high cost due to energy usage to break down organic component 
in WAS. 
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1.4.4 Bioenergy production by WAS 
 
Nowadays, research of bioenergy production is on demand due to public interest to solve scarcity 
of energy demand from fossil fuel (Maeda et al., 2012). The complex composition of WAS 
makes it feasible as a carbon or microbial sources in bioenergy production. WAS was used as a 
substrate or microbial sources for bioenergy including biohydrogen and methane production 
(Kim et al., 2012; Nguyen et al., 2014). WAS could provide significant carbon source as a 
substrate while the enriched diversity of microbial culture in WAS could provide inoculum 
sources for bioenergy production.  
 
Due to global energy and environmental issues, bioenergy including biohydrogen and methane 
production are continuously studied to obtained sustainable energy that can replace fossil fuel. 
Hydrogen was produce by electrolysis of water  (Stojić et al., 2003), thermocatalytic reformation 
of hydrogen (Suelves et al., 2005) or water gas-shift reaction (Burch, 2006) that require high 
energy input, costly and unsustainable. The biological hydrogen production (biohydrogen) is an 
exciting approach to obtain sustainable energy production with eco-friendly manner. Hydrogen is 
a safe gas, ideal and do not produce any greenhouse gases during its combustion make hydrogen 
gas as attractive energy in the future (Mohd Yasin et al., 2011). Biohydrogen consist of 2.7 fold 
more energy content, and it can be produced by a wide variety of biomass feedstock (Chong et 
al., 2009). Biohydrogen production can be classified using two methods known as photosynthetic 
or dark fermentation (Chong et al., 2009). Photosynthetic fermentation requires light sources and 
low hydrogen yield. Meanwhile, dark fermentation pathway was commonly used by taking the  
advantages of high energy yield, no light energy require as well as able to use any versatile 
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biomass sources including WAS for biohydrogen production (Chong et al., 2009; Maeda et al., 
2012). 
 
Furthermore, methane gas produce from biological method is a colorless, odorless, and non-
poisonous gas (Tabatabaei et al., 2010). Methane gas is the safe gas that widely used for internal 
combustion engines and power generation as well as an electricity sources power plant (Chandra 
et al., 2012). In addition, methane also can be used as a starting material for methanol, biodiesel 
and other hydrocarbon production (Duan et al., 2011; Zhao et al., 2014). Due to high organic 
load of WAS, WAS can be seen as a possible substrate or mostly as a possible bacterial and 
archaea community for methane production (Demirel & Scherer, 2008). Methane also could be 
produced from a wide variety of biomass resources that could contribute to significant waste 
treatment and reduction. 
 
 Bioenergy (biohydrogen and methane) was produced by biological anaerobic digestion of 
complex component of substrate to simple molecules. Biohydrogen production through dark 
fermentation requires the process of hydrolysis, acidogenesis and acetogenesis, while methane 
production was produce through methanogenesis process (Figure 1.2). Hydrolysis process was 
carried out by hydrolytic bacteria to break down complex molecules such as carbohydrates, fats 
and proteins to simple molecule such as sugars, fatty acids and amino acids (Nguyen et al., 
2014). Acidogenesis step ferment the monomeric molecules to organic acids such as acetic acid, 
butyric acid, lactic acid and propionic acid. Hydrogen and carbon dioxide are produced during 
this step. During acetogenesis, acetic acid is produced from carbon dioxide oxidation and 
hydrogen by autotrophic acetogens (homoacetogenesis). Syntrophic bacteria also generate acetic 
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acid with hydrogen from short-chain organic acids (except acetate). Final degradation of organic 
matter obtained from the consumption of hydrogen and organic acids by 
acetoclastic/hydrogenotrophic methanogens for the production of methane and carbon dioxide. 
When sulfate or nitrate reducing bacteria present, it will use hydrogen as an electron donor to 
generate sulfides and ammonia (Valdez-Vazquez & Poggi-Varaldo, 2009). 
 
 
 
Figure 1.2: Anaerobic degradation of complex molecule for biohydrogen and methane 
production. Four stages include hydrolysis, acidogenesis, acetogenesis and methanogenesis 
during anaerobic digestion of high molecular weight compound (Source: Valdez-Vazquez and 
Poggi-Varaldo, 2009). 
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1.5  Roles of Escherichia coli for biohydrogen production 
 
Escherichia coli is a robust and well known bacteria used in many studies due to its complete 
genome sequence (Mohd Yusoff et al., 2012). E. coli has four membrane bound hydrogenase 
known as hydrogenase 1, hydrogenase 2, hydrogenase 3 and hydrogenase 4 (Mohd Yusoff et al., 
2013a). E. coli produces hydrogen by formate hydrogen lyase (FHL) system with hydrogenase 3 
encoded by hycABCDEFGHI and formate dehydrogenase encoded by fdhF. Hydrogenase 1 and 
2 function as hydrogen uptake. However, hydrogenase 4 is well known as silent gene in which it 
did not act as hydrogen producer or uptake (Maeda et al., 2007b). Hydrogenase 3 consist of hyc 
operon, large subunit of hycE and small subunit encoded as hycG (Mohd Yusoff et al., 2012). 
 
Due to complete E. coli genome sequence, E. coli is easily manipulated to obtained higher 
hydrogen productivity. The knock-out of chromosomal gene in E. coli K12 was successfully 
presented by simple technique without influencing cell growth (Datsenko & Wanner, 2000). 
Single or multiple mutation in single E. coli cell can be achieved by this technique that provide 
significant contribution towards genetic engineering field (Datsenko & Wanner, 2000). Previous 
study have been proved that seven deletion mutant in single E. coli could direct glucose 
metabolism pathways towards hydrogen production (Maeda et al., 2007b). Figure 1.3 shows 
glucose metabolism pathway for elevated hydrogen production with seven deletion chromosomal 
genes used in this study. The engineered E. coli strain with inactivation of seven deletion mutant 
including hycA (product of hycA inhibit FHL activity; deletion of hycA gene could overexpress 
fhlA activity), hyaB and hybC (hydrogenase 1 and 2 control hydrogen uptake activity; deletion of 
hyaB and hybC could eliminate hydrogen uptake), fumarate reductase (FrdC), lactate 
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dehydrogenase (ldhA), pyruvate dehydrogenase (AceE), and formate dehydrogenase (FdoG) to 
direct glucose metabolism towards hydrogen production without producing other metabolic 
products such as succinate, lactate, and carbon dioxide as indicated in Figure 1.3 (Maeda et al., 
2007b).  
 
 
 
Figure 1.3: Glucose metabolic pathway for hydrogen production by Escherichia coli. Red 
circle represent seven mutation chromosomal genes in engineered E. coli strain to direct 
glucose metabolism pathway towards hydrogen production. Seven chromosomal genes 
include hycA, hyaB, hybC, FrdC, ldhA, AceA and FdoG. (Souce: Maeda et al., 2007). 
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1.6 Oil palm frond (OPF) 
 
Malaysia is the biggest global palm oil exporter followed by Indonesia (Sime Darby, 2014). 
Palm oil processing industries generates a large amount of biomass including oil palm frond 
(OPF), oil palm empty fruit bunch (OPEFB) and trunks (Ramli & Amin, 2014). Figure 1.4a 
shows palm oil tree with OPF and fruits. OPF have to be cut off to harvest palm oil fruits (Figure 
1.4a). As a good agricultural practice, OPF was left in the plantation for nutrient recycling which 
slowly released nutrient to the ground (Figure 1.4b). However, previous study proved that OPF 
contains a large amount of sugars including glucose, sucrose and fructose (Zahari et al., 2012). 
Pressed OPF was known as OPF juice (Figure 1.4c) contain high amount of sugars that can be 
used for other value added products such as biosugar, bioenergy and polyhydroxyalkanoate 
(PHA) production (Zahari et al., 2012).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4: (a) Palm oil tree with oil palm frond (OPF) and oil palm fruits, (b) OPF left in 
the plantation as nutrient recycling, and (c) OPF stalk was pressed by pressing machine to 
produce OPF juice. 
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1.7   Carbon dioxide emission 
 
Carbon dioxide (CO2) is the colorless and odorless gas, made up of one molecule of carbon 
covalently bonded with two molecules of oxygen. CO2 gas is naturally occur in nature, and 
usually used in plant photosynthesis metabolism. Industrialization and urbanization were the 
major contribution to CO2 emission. The invention of transportation, machine and electricity lead 
to the use of hydrocarbon sources such as coal and natural gas that finally burned with CO2 as 
the final product (Song, 2006). In addition, the pollutants in open dumping, landfill operation, 
open burning, decomposition of organic substances, and etc. released CO2 in the environment. 
CO2 concentration in the atmosphere was increased from year to year, and the CO2 level was 
difficult to control. The increased in atmospheric CO2 from 315 ppm (parts per million) in 1959 
to approximately 385 ppm in 2009, and the concentration was forecasted to increased up to 500 
to 1000 ppm in 2100 (Taub, 2010). Thus, Kyoto Protocol demand reduction of CO2 emission to 
reduce greenhouse gases effect to the environment (Uliasz-bochenczyk et al., 2006). 
 
Many studies take an action to sequester CO2 emission by CO2 fixation (Uliasz-bochenczyk et al., 
2006), carbon capture strategy (Chen et al., 2012; Luckow et al., 2010), and CO2 injection in coal 
bed or biomass to produce methane (Bajón Fernández et al., 2014; Huang et al., 2014). Moreover, 
CO2 was also successfully used in catalytic synthesis of petrochemicals (Gielen et al., 2002; 
Omae, 2006; Zangeneh et al., 2011), organic acids (Wu et al., 2009), and it has been used as a 
starting point in supercritical fluid extraction (Da Porto et al., 2014). 
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The barriers of CO2 sequestration technology includes the (1) cost of carbon capture and strategy 
(CCS) study, separation and transportation, (2) energy requirement for CO2 sequestration to 
produce other products, (3) market size limitation, and (4) socio-economic impact of industry 
and community (Song, 2006). Hence, the CO2 sequestration technology is still in developmental 
stages. The use of CO2 gas for energy production was estimated to reduce 20% of the 
atmospheric CO2 level (Mayumi et al., 2013) and replacing renewable energy sources could 
reduce 80% of the total CO2 emission (Acién Fernández et al., 2012). Hence, considering CO2 as 
a carbon sources for production of value-added product could help the mitigation effort to reduce 
greenhouse gases emission particularly CO2.  
 
1.8   Carbon sources in seawater 
 
Seawater contains many things including dissolved materials from Earth crust, salt, 
microorganism, as well as dissolved gases from atmosphere. Beside oxygen and nitrogen, the 
most abundant gases dissolved in seawater are CO2 which later become carbonates and 
bicarbonate ion when dissolved in water. CO2 is easily dissolved in water at low temperature 
(Figure 1.5) (Wiebe & Gaddy, 1940). Theoretically, carbon dioxide (CO2) dissolution in water 
produced carbonic acid (H2CO3), hydrogen ions (H
+), bicarbonate ion (HCO3
-) and carbonate ion 
(CO3
2-) by the following reaction: CO2 (g) + H2O (aq) ↔ H2CO3 (aq) ↔ H+ + HCO3- (aq) ↔ 2H+ + 
CO3
2- (aq) (Riebesell, 2004). Carbonate system in seawater plays an important role as a buffering agents that 
control oceanic pH around 6-8 (Zeebe & Wolf-Gladrow, 2001). 
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Figure 1.5: Carbon dioxide (CO2) solubility in water. 
(Source: http://www.engineeringtoolbox.com) 
 
 
Ocean is the best carbon sink in terrestrial or shallow marine due to the dissolution of excess 
anthropogenic CO2 level in the atmosphere and coral reefs in marine sediment (Falkowski et al., 
2000). The total amount of CO2 in seawater is presented as free CO2 or bound CO2. Other carbon 
sources in seawater include the biological precipitation of calcium carbonate from sedimentary 
rock (Zeebe & Wolf-Gladrow, 2001). In seawater, the concentration of dissolved carbon species 
is [CO2]: [HCO3
-]: [CO3
-] that are reported as 0.5 %: 86.5 %: 13 % in which bicarbonate ion is 
the dominant species followed by carbonate ion, while dissolved CO2 present in small 
concentration (Zeebe & Wolf-Gladrow, 2001). In total seawater, bicarbonate ion composition is 
0.196 g in 1kg of seawater (Dana et al., 1967). However, rising of atmospheric CO2 level change 
the carbonate system in seawater lead to ocean acidification (Riebesell, 2004). The increased in 
CO2 dissolution in seawater was proved by reduction of pH level with the increment of dissolved 
organic carbon (11-20%) and bicarbonate ion concentration (17-20%) (de Putron et al., 2011).  
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1.9    Objectives 
 
In line with WAS management strategy, biological method could be the best way to treat WAS. 
Notably, WAS could be fully utilized for other products, and the volume could be treated and 
reduced. In the future, this study aims to see WAS not as a waste, but it can be treated and can be 
the potential sources as a substrate or microbial sources in industrial application. The motivation 
of this study is to seek potential for sustainable ways of dealing with WAS management. 
 
The objectives of this study are: 
1. To practically accelerate WAS reduction at low temperature or cold weather area by 
locally isolated strains, Pseudomonas sp. VNT and Aeromonas sp. VNT, 
2. To study the used of WAS as a substrate or as additional nutrient source to oil palm frond 
(OPF) juice for biohydrogen production by engineered Escherichia coli strain, 
3. To investigate the potential of carbon dioxide sequestration by active methanogens in 
WAS for methane production, and 
4. To investigate the potential of carbon sources in seawater for methane production by 
methanogens in WAS. 
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CHAPTER 2 
GENERAL MATERIALS AND METHODS 
 
2.1   WAS sampling and preparation 
 
All WAS used in this study was obtained from Hiagari wastewater treatment plant, Kitakyushu, 
Japan where 7530 m3 of excess sludge have been daily generated through the treatment of 
domestic sewage. WAS was washed with sterile distilled water thrice and the supernantant was 
discarded after centrifugation at 8000 g, 10 min at 4 °C using TOMY-GRX 250 High Speed 
Refrigerated Centrifuge. Washing step is required by washing and re-suspending the sludge with 
sterilized water to ensure the consistency of sludge sample in the initial conditions. Washed 
sludge then was adjusted to 50% (w/v) prior to be adjusted to different concentrations used in 
this study. All raw sludge was prepared fresh every week prior to be used in all experiments.  
 
2.2   Analytical method 
 
 
 
2.2.1   Gas measurement 
 
2.2.1.1  Gas chromatography 
 
Prior for gas analysis, 50 µL of gas sample was collected by syringe from the vials headspace. 
Hydrogen was measured by a 6890-N gas chromatograph (Agilent Technologies, Glastonbury, 
CT) equipped with thermal conductivity detector. HP-Molesieve 15 m x 0.530 mm id, 25 µm, 
19095P-MS5 column (Agilent Technologies Inc) was used with the column temperature was set 
at 70 °C, while injector and detector temperature at 100 °C and 200 °C, respectively. Nitrogen 
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was used as a carrier gas at flow rate 20 mL/min (Mohd Yusoff et al., 2012). Methane and 
carbon dioxide gas were analyzed by a GC-3200 gas chromatograph (GL Sciences, Japan) 
equipped with a thermal conductivity detector. Helium was used as a carrier gas at 100 kPa while 
current was set at 100 mA. Methane was analyzed by Molecular Sieve 13X 60/80 mesh column, 
SUS 2m x 3mm I.D (GL Science, Japan). The oven temperature was set at 40 °C, while injector 
and detector temperature were set at 50 °C and 65 °C, respectively. Meanwhile, carbon dioxide 
was analyzed by WG-100SUS 1.8m x ᴓ ¼” O.D column (GL Science, Japan). The oven, injector 
and detector temperatures were set at 50 °C. 
 
2.2.1.2   Gas calibration curve 
Gas calibration was carried out by using pure gases (APHA, 2005). Each pure gas was 
introduced individually with a syringe with sample volume of 10, 20, 30, 40, and 50 µL prior for 
area measurement. Gas calibration curve was constructed based on linear response and 
regression value more than 0.99. The calibration curve was plotted by amount of gas in µmol 
(after calculated to standard temperature and pressure) against area. The calibration curve was 
used to calculate the amount of gas in the sample. 
 
2.2.1.3   Gas calculation at standard temperature and pressure 
Standard temperature and pressure (stp) is referred to zero degree celcius (273 K) and one 
atmosphere (1 atm) at pressure. However, commonly used standard was set up at ambient 
temperature (25°C, 298 K) and absolute pressure (1 atm). Stp is the standard set of condition for 
experiments to allow the results to be comparable with other results. One mole of gas is equal to 
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22.4 L at standard temperature and pressure. Stp can be calculated based on Ideal gas law (Poling 
et al., 2010); 
 
pV = nRT,  
 
where, 
p is the pressure at 1 atm, 
V is the volume of gas in L, 
n is number of moles, 
R is gas constant (0.0821 mol.L/mol.K), and 
T is ambient temperature in Kelvin (298 K). 
 
2.2.2  Organic acids analysis 
 
Organic acid measurement was carried out using method described by Shinagawa et al 
(Shinagawa et al., 1997). The sample was centrifuge at 13,000 rpm for 1 min. The supernatant 
was collected and filtered by 0.45 µm pore size syringe filter (Minisart, Sartorius Stedim Biotech, 
Germany). Filtered sample was used prior for organic acids measurement by high performance 
liquid chromatography (Shimadzu LC-10AD, Japan) with conductivity detector CDD-6A. The 
separation was obtained by two column system, using Shim-packed SCR-102H (8.0 mm ID X 
300 mm L) column at 40 °C. Buffer (100 µM EDTA.2Na, 20 mM Bis-Tris, and 5mM p- Toluene 
sulphonic acid) and mobile phase (5mM p- Toluene sulphonic acid) were filtered by 0.45 µm 
pore size filter (Lot 10574.38, Thermo Scientific, Nalgene, Japan). Buffer and mobile phase were 
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used as a solvent at flow rate of 0.8 mL/min. Citric, acetic, butyric, iso-butyric, propionic, 
succinic, formic, lactic, and butyric acids were injected individually at different concentration for 
standard curve construction. The organic acids detected from the samples were identified based 
on retention time. 
 
2.2.3   Total saccharides  
 
Total saccharides or carbohydrate was measured by phenol-sulphuric acid method as described 
by Masuko et al. (Masuko et al., 2005). Phenol-sulphuric acid method is a simple and rapid 
colorimetric method to determine total carbohydrate. The use of concentrated sulfuric acid helps 
the degradation of carbohydrates including polysaccharides, oligosaccharides, and disaccharides 
to monosaccharides. Monosaccharides then react with phenol to form yellow color prior for 
colorimetric measurement (Nielsen, 2010). Standard curve was prepared by different starch 
concentration prior for total saccharide or carbohydrate measurement. The sample was diluted to 
the desired concentration within the detectable range. An amount of 0.5 mL diluted sample was 
mixed with 0.5 mL phenol (5%) and 2.5 mL concentrated H2SO4. The mixture was homogenized 
and incubated for 40 minutes before the absorbance was measured by spectrophotometer at 
wavelength of 490 nm. The blank was prepared by the addition of distilled water instead of 
sample. 
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2.2.4   Total protein 
 
Total protein was carried out as described by Lowry et al (Lowry et al., 1951). Total protein 
assay is the biochemical test to detect total protein in sample. The method is by the reaction of 
peptide bond under alkaline condition with copper ions through the oxidation of proteins 
residues. Lowry A solution (4 g/L NaOH and 20 g/L Na2CO3) and Lowry B solution (5 g/L 
CuSO4.5H2O and 10 g/L KNa.C4H4O6.4H2O) were mixed at ratio 50:1. The mixture was freshly 
prepared prior for analysis. Then, 1 mL of the mixture of Lowry A and Lowry B solution was 
added to 200 µL sample before standing at 30 °C for 10 minutes. The solution was stirred prior 
for addition of 100 µL 1N phenol before standing at 30 °C for 30 minutes. Finally, sample was 
measured at 750nm absorbance. Distilled water was used for control instead of sample. 
Calibration curve was done by different concentration of bovine serum albumin (BSA).  
 
2.2.5   Total solid (TS) 
 
Total solid (TS) analysis was carried out as described in a Standard Method for Water and 
Wastewater (APHA, 2005). Total solid is the material residue left of a well-mixed sample after 
evaporation in the drying oven at 103-105°C. The increased weight over the empty dish 
represents the actual total dissolved and total suspended solid in the sample. Ten mL of 
homogenized sample is placed in a pre-weighted crucible prior to dry for overnight at 105°C in 
an oven. Then, the crucible was placed in the dessicator for drying before weighing. The process 
of drying, cooling, dessicating, and weighing were repeated until a constant weight was obtained. 
The calculation for TS determination is: 
26 
 
 
Total solid (g/L) =   (A  -  B)  x  1000 mL/L     
   Sample volume, mL 
 
 
Where, 
 
A = Weight of crucible and dried residue (g) 
B = Weight of crucible (g) 
 
2.2.6   Volatile solid (VS) 
 
Volatile solid (VS) determination was carried out according to Standard Method for Water and 
Wastewater (APHA, 2005). The residue after TS measurement is ignited to constant weight at 
550°C. The different in weight before and after ignition represents the fraction of total solid. The 
remaining solid in the crucible and dried residue from total solid sample was ignited to a constant 
weight at 550°C. The suspended solid remained after ignition represents volatile solid value. The 
process of igniting, cooling, desiccating and weighing were repeated to get a constant weight. 
The calculation for VS measured is: 
 
Volatile solid (g/L) =   (A – B) x 1000 mL/L    
                                     Sample volume, mL 
 
 
Where, 
A = Weight of crucible and residue before ignition (g) 
B = Weight of crucible and residue after ignition (g) 
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2.2.7   Sludge reduction percentage 
 
Sludge reduction percentage was measured by percentage of total solid (TS) reduction. The 
calculation of sludge reduction percentage is: 
 
Sludge reduction percentage = (Initial TS value – Final TS value) x 100% 
                   Initial TS value 
 
 
 
2.3   Microbial community analysis 
 
Qualitative and quantitative measurement can be done to see the microbial community in the 
culture. The same concept was applied in which the designed primers specifically target the 
microbial group such as bacterial and archaea communities were used in order to investigate the 
microbial community in environmental samples (Lee et al., 2008a). In this study, quantitative 
real time PCR (qRT-PCR), denaturing gradient gel electrophoresis (DGGE), and high-
throughput sequencing were applied for microbial community studies. The active microbial 
community was done targeting single stranded mRNA, while the overall microbial community 
can be checked by using double stranded DNA. The fundamental theory was presented in this 
chapter while details protocol was presented in working chapter. 
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2.3.1 Quantitative real time PCR (qRT-PCR) 
 
Quantitative real time PCR (qRT-PCR) is the development of PCR technique that enables 
reliable results in which PCR products were detected based on dual-labeled fluorogenic probes 
(Heid et al., 1996). The result provide accurate, fast, and reproducible without requirement of 
post-PCR sample handling like normal PCR (Heid et al., 1996). The measurement is “real-time” 
as the results were formed cycle-by-cycle by the RT-PCR machine.  
 
TaqMan assay was adapted by the use of Taq DNA polymerase which is enzyme used in normal 
PCR which was extracted from hyper-thermophilic bacteria, Thermus aquaticus  (Merkens et al., 
1995). TaqMan assay was one of the earliest methods in real time PCR for the quantification of 
microorganism by DNA template. Figure 2.1 shows the qRT-PCR process by TaqMan 
oligonucleotide probe designed to hybridize the target sequence. The amplification of target 
DNA specificity is by two primers flanked the upstream and downstream of target product, and 
one fluorescence labelled probes (Mortarino et al., 2004). This probe is an oligonucleotide 
labelled with reporter dye (fluorescent) and a quencher (absorb the fluorescent signal generated 
by reporter). The method use 5’ endonuclease activity of Taq DNA polymerase to cleave 
oligonucleotide probe during PCR, allow the polymerization of Taq DNA polymerase, thus 
release quencher fluorophore and generate detectable signal. Once the probe is degraded, the 
reporter is released from the quencher and start to emit fluorescence signal (Mortarino et al., 
2004). In real-time PCR, it is possible to calculate the number of DNA molecules of the 
amplified sequence by the number of threshold cycle (Ct). Ct is the relative measure of the 
concentration of target in PCR reaction. The Ct number is in-proportional to the number of target 
29 
 
PCR product. The quantification method used in this study is by an external standard curve with 
the serial known DNA concentration (Mortarino et al., 2004).  
 
 
Figure 2.1: Real-time PCR (RT-PCR) mechanism by TaqMan assay. 
(Source: http://www.ncbi.nlm.nih.gov/probe/docs/techqpcr/) 
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2.3.2 Denaturing gradient gel electrophoresis (DGGE) 
 
DGGE is the culture-independent molecular fingerprinting method to determine microbial 
community structure by phylogenetic and statistical analysis (Kim et al., 2014). DGGE 
fingerprints can indicate microbial community changes from different samples, microbial 
complexity study, enrichment culture and bacteria isolation analysis, DNA extraction method 
and microbial community comparison (Muyzer et al., 1993). Figure 2.2 shows separation of 
double stranded polymerase chain reaction (PCR)-generated DNA product rich with guanine (G) 
and cytosine (C) nucleotide on polyacrylamide gel. During DGGE, the migration of PCR 
products encounters increasing concentration of chemical denaturant (urea and formamide) 
(Tabatabaei et al., 2009). When PCR products reach the threshold denaturant concentration, the 
weaker melting domains of double stranded PCR product will begin to denature at which 
migration slows down (Scragg, 2005). The double stranded PCR product seems like a zipped, 
partially melted DNA molecule is separated based on electrophoretic mobility in polyacrylamide 
gels containing linearly increasing denaturants (Muyzer et al., 2008). Complete separation is 
prevented by the presence of high melting domain, GC-clamp at the end of the double stranded 
bond. In addition, different bacteria denatured at different denaturant concentration (Muyzer et 
al., 2008). The fingerprint of each represent bacteria can be compared to database for microbial 
identification by DGGE analysis. The drawback of this technique is affected by the efficiency of 
DNA extraction, PCR biases, selection of clones, and only applicable on sequences less than 500 
bp. The drawback causes the limitation in determination of the phylogenetic microbial 
communities in sample (Tabatabaei et al., 2009; Muyzer et al., 2008).  
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Figure 2.2: Separation of PCR-generated DNA product based on Gs and Cs content on 
polyacrylamide gel. 
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2.3.3 High-throughput 16S rRNA sequencing 
 
In the past few decades, many attempts have been done to understand the whole genome 
sequence of microorganism. At the early research, the complete genome sequencing data can be 
achieve by tedious process depended on culture based method and sequencing technique that 
require longer nucleotide sequence (Kircher & Kelso, 2010). A variety of different approaches 
also has been done to obtain the whole genome sequence for microbial community study using 
the same concept which is DNA amplification by PCR. Nowadays, the great achievement has 
been develop to understand the whole genome sequence in the complex microbial community 
using pyrosequencing technique, particularly high-throughput sequencing. In environmental 
samples or soil microbiology, knowledge of the microbial diversity can be greatly improved by 
high-throughput sequencing (Połka et al., 2015). High-throughput sequencing could generate 
multimillion reads that lead to a complete coverage of microbial communities genomic data. 
High-throughput sequencing also provide fast and low cost technique to analyzed the whole 
genome sequence in the sample (Sadava et al., 2011). This technique can eliminate such tedious 
methodology to obtain the whole genome sequence in the complex microbial community culture. 
 
Figure 2.3 shows the process used in high-throughput sequencing. (1) The double stranded DNA 
fragment is first cut into small fragments of 300 to 500 base pairs. (2) Then, small DNA adaptors 
are ligated to the both end of the double stranded DNA fragment. (3) Double stranded DNA with 
DNA adaptors are denatured to single stranded DNA. (4) On the other hand, one and the half 
million tiny microbeads are prepared in the reaction mixture. The diameter of each microbeads 
are less than 20 micron are coated with DNA primers which are complimentary to one of the 
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DNA adaptors. (5) Then, the adaptor carrying single-stranded DNA molecules will attach to the 
primers on microbeads by complimentary base pairing under conditions that favor just one DNA 
fragment attachment per bead. Each bead must occupy its own tiny chamber in the 96 wells plate. 
(6) Homogenization was created by the mixture of emulsion oil and reaction sample, each bead 
is isolated in its own reaction bubble prior for PCR amplification. (7) Inside the bubbles, PCR 
amplification will be carried out by PCR cycle until each bead has about 2 million DNA identical 
copies. (8) Bead then loaded into tiny wells with room for a single bead each, resulting in an 
array of a million beads with different amplified DNA fragment. (9) In each well consist of 
single beads and two types of enzymes (sulfurylase and luciferase), these enzymes create the 
light signals during sequencing reaction. (10) The primer is allowed to attach to DNA, and then 
DNA polymerase begins to add nucleotides. A single type of dNTP flowed across the well and 
become part of the reaction based on A-T and G-C pairing. During the process, phosphate groups 
are snipped off from the dNTP in the form of a pyrophosphate ion. On the enzyme bead, the 
enzymes use the pyrophosphate ion and other substrates to form a series of reactions. One 
enzyme can converts the pyrophosphate into ATP to produce a flash light that can be detected 
and recorded. The processes are continued until all sequence has been amplified. The whole 
sequenced data are collected, with 1,000,000 reads occurred simultaneously and an average read 
length around 400 bases, a single 10 hour run time can produce 400 million bases of sequence 
information. (11) Finally, software package can assemble the sequence fragments into longer 
pieces, and then the overall genome sequence data can be collected (Sadava et al., 2011). 
Throughout the process, electrophoresis is no longer required to generate an ordered read out of 
the nucleotides because all process can be directly read out with the sequence extension (Kircher 
& Kelso, 2010). 
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Figure 2.3: Schematic representation of the process used during high-throughput sequencing. (Source: Sadava et al., 2011) 
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CHAPTER 3 
ENHANCED REDUCTION OF WASTE ACTIVATED SLUDGE AT A LOW 
TEMPERATURE BY LOCALLY ISOLATED STRAINS Pseudomonas sp. VNT and 
Aeromonas sp. VNT 
 
3.1   Introduction 
 
Activated sludge systems are commonly used worldwide in wastewater treatment plants. 
However, these systems produce a lot of waste activated sludge (WAS) (Li et al., 2009), which 
creates a risks to the environment and human population owing to complex organic molecules 
that have to be treated and reduced (Sheng et al., 2010). Many attempts have been made to treat 
WAS through the anaerobic digestion of sludge for biogas production (Cavinato et al., 2013; 
Gallert & Winter, 1997), sludge degradation at a high temperature (Maeda et al., 2011), 
sonication, and alkaline–thermal treatment (Sheng et al., 2010; Uma Rani et al., 2012). However, 
no studies have assessed the reduction of excess WAS volumes at a low temperature using low 
temperature tolerant microorganisms. This is because of the restricted activity and microbial 
growth of microorganism at low temperatures (Niu et al., 2014). 
 
In cold climates or during the winter season, sludge digestion is a problematic issue because of 
the slow sludge reduction rate. The use of incineration or chemical treatment requires a lot of 
energy and cost. Anaerobic treatments for bioenergy production at a low temperature were not as 
effective as those at mesophilic or thermophilic temperatures (Cavinato et al., 2013). The 
application of a low-cost technology is needed to increase the speed of sludge reduction even at 
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low temperatures (Koers & Donald, 1977). The cost, maintenance, and handling of WAS are 
compulsory in wastewater treatment processes and create a burden to municipalities and 
industries (Ichinari et al., 2008). Thus, biological treatment is a possible low-cost and appropriate 
method for reducing WAS at a low temperature. The use of microbes to degrade WAS involves 
the application of the bioremediation principle, which does not cause additional environmental 
hazards (Maeda et al., 2011). 
 
Sludge reduction operates through the ability of microorganisms to hydrolyze sludge and/or 
utilize excess sludge as a carbon source. Because proteins, carbohydrates, and lipids are 
abundant in sludge, enzymes such as proteases, amylases, and lipases are important for its 
hydrolysis (Feng et al., 2009). However, the addition of enzymes may prove to be costly for 
sludge reduction. Thus, the use of microorganisms capable of producing these enzymes and of 
promoting sludge hydrolysis has practical industrial applications (Li et al., 2009). It has been 
previously shown that the use of an isolated strain (Brevibacillus sp. KH3) can produce protease 
and enhance sludge reduction at thermophilic temperatures (Maeda et al., 2011). 
 
In this study, two possible strains, Pseudomonas sp. VNT and Aeromonas sp. VNT were access 
for the acceleration of sludge reduction at low temperatures. The use of these two strains 
provides a promising strategy for reducing excess sludge on the basis of the bioremediation 
principle, without high energy and cost requirements. These strains can survive in the 
temperature range of 4°C to 30°C and can effectively reduce excess sludge at low temperatures.  
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3.2   Materials and Method 
 
3.2.1   Sludge preparation 
 
The WAS sample was diluted from stock to 25% (w/v) prior to its use in all experiments in this 
study.  
 
3.2.2   Strain isolation and identification 
 
The 25% (w/v) WAS was cultured for 13 days at 12°C and 120 rpm. In total, 100 L of the 
culture was spread on Luria–Bertani (LB) agar plates containing 10 g/L peptone, 5 g/L yeast, 5 
g/L sodium chloride, and 15 g/L agar and grown at 12°C for 2 days to isolate abundant strains 
able to survive at such low temperatures at which microbial activity is normally limited. Two 
strains, Pseudomonas sp. VNT and Aeromonas sp. VNT, were found to be abundant thrice on the 
basis of the colony morphology. In addition, when transferred to 15 g/L agar plates containing 
12.5% (w/v) WAS, these strains showed a transparent halo around the colony, indicating the 
degradation of excess sludge after incubation for 2 days at 12°C. Each single colony was 
subcultured thrice on 15 g/L agar plates containing 12.5% (w/v) excess sludge at 12°C to obtain 
a single culture. Both the strains were tested by Gram staining, and biochemical tests were 
performed using Api 50 CHB (bioMérieux Co., Ltd., Tokyo, Japan). Both the strains were 
amplified using a 16S primer set (27f and 1492r) prior to being sent to FASMAC (Japan) for 
sequencing for species identification.   
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3.2.3   Sludge digestion evaluation assay at various temperatures 
 
Pseudomonas sp. VNT and Aeromonas sp. VNT were initially streaked on different LB agar 
plates and incubated at room temperature for 2 days. Each culture was inoculated into 10 mL LB 
broth and incubated at room temperature for 2 days until the optical density reached 0.5 to 0.7. 
The cells were harvested and washed with sterile 0.85% NaCl and resuspended in 1 mL of sterile 
0.85% NaCl. To evaluate the sludge reduction ability of both the isolated strains Pseudomonas 
sp. VNT and Aeromonas sp. VNT at a low temperature, each strain prepared in 1 mL sterile 
0.85% NaCl was added to 200 mL of un-sterilized 25% (w/v) WAS in a 500-mL flask; a control 
flask was prepared by adding only 1 mL of sterile 0.85% NaCl to 200 mL of 25% (w/v) WAS. 
The control (noninoculated) WAS and inoculated WAS were incubated at 4°C, 10°C, 12°C, 
15°C, 20°C, and 30°C under aerobic conditions, which were controlled by shaking at 120 rpm 
and leaving 300 mL of headspace and a loose cap, thereby providing sufficient aeration during 
the incubation period. Sludge reduction was evaluated as the reduction in the amount of 
suspended solids after 5 and 20 days. The total suspended solid measurements were analyzed 
according to the Standard Methods for Water and Wastewater (APHA, 2005) using three 
independent replicates.  
 
3.2.4   Effect of temperature on strain growth and activity 
 
To study the effect of temperature on strain growth, Escherichia coli BW25113, Pseudomonas 
sp. VNT, and Aeromonas sp. VNT were independently incubated at different temperatures (4°C, 
10°C, 12°C, 15°C, 20°C, and 30°C) in 200 mL sterile LB media, with shaking at 120 rpm under 
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aerobic conditions. The cells were washed and resuspended with sterile distilled water prior to 
turbidity measurement. Cell turbidity was measured using a UV/VIS spectrophotometer (JASCO 
V-530) at 600 nm. Microbial activity was measured during 5 days of incubation using the 
Microbial Viability Assay Kit-WST according to the manufacturer’s protocol (Dojindo 
Laboratories, Japan).  
 
3.2.5   Analytical method 
 
Protease activity was determined according to method described by Li et al. (Li et al., 2009). 
Lipase activity was determined using the Lipase Kit S (DS Pharma Biomedical Co. Ltd., Japan) 
according to the manufacturer’s protocol. Soluble proteins were measured using the Lowry 
method, while soluble saccharides were measured using the phenol–sulfuric acid method (Lowry 
et al., 1951; Masuko et al., 2005) 
 
3.2.6   DNA extraction and PCR-DGGE 
 
DNA extraction was performed using the PowerSoil DNA Kit (cat# 12888-50, Mo Bio 
Laboratory Inc., USA). DNA was cleaned using the Gene Clean Spin Kit (cat# 1101-200, MP-
Biomedicals, Japan). The variable V3 region of DNA was amplified following 2 rounds of PCR. 
The first PCR was performed using the universal primer set 27f: 5′-AGA GTT TGA TCC TGG 
CTC AG-3′ and 1492r: 5′-GGC TAC CTT GTT ACG ACT T-3′ (Mao et al., 2012). The 25-µL 
solution used for PCR consisted of 2 µL of the 50 ng DNA template, 2.5 µL of 10× standard Taq 
buffer, 6.25 µL of 2 mM each dNTP mix, 1.25 µL of each 20 µM 27f and 1492r primer, 1 µL of 
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25 mM MgSO4, 0.35 µL Taq polymerase, and an adequate amount of sterile Milli-Q water to 
obtain the desired volume. The PCR reaction was performed using the BIO-RAD thermal cycler 
with an initial denaturation at 94°C for 5 min. The reaction was then followed by 30 cycles of 
repeated denaturation at 94°C for 1 min, annealing at 56°C for 1 min, and extension at 72°C for 
1 min 50 s. The final extension was performed at 72°C for 15 min. The PCR mixture product 
was then used as a template for the second PCR DGGE using the primer set 357f-GC: 5′-CGC 
CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG GCC TAC GGG AGG 
CAG CAG-3′ and 518r: 5′-ATT ACC GCG GCT GCT GG-3′ (Muyzer et al., 1993). The PCR 
reaction was performed by mixing of 5 µL of 10× standard Taq buffer, 5 µL of 2 mM each dNTP 
mix, 1 µL of 20 µM each 357f-GC and 518r primer, 0.7 µL Taq polymerase, 50 ng of template, 
and an adequate amount of sterile Milli-Q water to obtained the total volume of 50 µL. DGGE 
amplification was performed using Robocycler Gradient 40 (Stratagene). The hot start PCR was 
performed following initial denaturation of template DNA at 94°C for 5 min followed by and 
denaturation at 94°C for 1 min. The annealing was performed with a subsequent decrease in 
temperature of 1°C per cycle from 63°C until touchdown at 57°C for 1 min to minimize the 
production of spurious byproducts during the amplification process (Muyzer et al., 1993). Primer 
extension was performed at 72°C for 1 min. The amplification was then subjected to another 18 
cycles of denaturation at 94°C for 1 min, annealing at 57°C for 1 min, and extension at 72°C for 
1 min. The final extension was then performed at 72°C for 25 min. The amplification products 
were analyzed in 2% agarose gel with ethidium bromide staining prior to their use in DGGE. 
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3.2.7   Denaturing gradient gel electrophoresis (DGGE) 
 
DGGE was performed using NB-1480A (EIDO, Japan) equipped with a water thermo-jacketed 
temperature control system (Eyela NCB-1200). PCR DGGE samples were loaded on 8% 
polyacrylamide gel with a denaturant concentration of 30% to 57% gradient in 1× TBE buffer. 
DGGE was performed at 60°C for 7 h at 50 V using a V-C Stabilizer (Mitsumi Scientific 
Industry Co., Ltd). The gel was stained with ethidium bromide for 45 min, viewed under UV 
light, and photographed using the GelScene Tablet Imaging System (ASTEC). 
 
3.2.8   Sequencing and band characterization 
 
DGGE bands were excised from the gel and stored in 10 µL sterile Milli-Q water overnight at 
4°C. The excised bands then were centrifuged at 13,000 rpm for 30 s. The supernatant was used 
as a template using primer set 357f without a GC clamp and 518r. The PCR product was purified 
using the QIAGEN Gel Extraction Kit (cat# 28704, USA). The purified PCR products were sent 
for sequencing at FASMAC, Japan. The DNA sequences were analyzed using the Basic Local 
Alignment Search Tool (BLAST) of the GenBank database through the website 
http://blast.ncbi.nlm.nih.gov/Blast.cgi. The sequences were aligned with ClustalW through the 
website http://www.genome.jp/tools/clustalw/ to identify the nearest relative. 
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3.3   Results and discussion 
 
3.3.1   Strain isolation and identification 
 
Different strains were selected following the spreading of WAS on 15 g/L agar plates containing 
12.5% (w/v) WAS and incubated at 12°C. The strains capable of degrading WAS at a low 
temperature, as indicated by halo formation on agar plates, were selected. The strains were then 
tested for the ability to reduce the sludge volume at 12°C. Two strains were selected on the basis 
of their ability to degrade WAS at low temperatures for 20 days. Physiological and biochemical 
tests revealed that both the strains were Gram-negative, rod-shaped bacteria. Based on more than 
1-kb DNA sequence of the 16S rRNA gene, one strain shared 96% homology to P. fluorescens 
(KC770789) and P. korensis (KF424274) and was identified as a new species belonging to the 
Pseudomonas genus.  Therefore, this strain was named Pseudomonas sp. VNT. The other strain 
was identified as a new strain belonging to the Aeromonas genus and was named Aeromonas sp. 
VNT. The 16S rRNA gene has 88% homology to A. hydrophila (FM957859).  
 
3.3.2   Effects of temperature on sludge reduction 
 
At present, biochemical degradation of WAS is limited at low temperatures owing to the 
restricted microbial growth and activity under low temperatures, thereby hindering the 
performance of sludge reduction in sewage treatment plants (Niu et al., 2014). This study 
therefore aimed to isolate strains able to enhance WAS reduction at low temperatures. The 
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inoculation of the isolated strains Pseudomonas sp. VNT and Aeromonas sp. VNT resulted in an 
increased percentage of sludge reduction at low temperatures (Figure 3.1). WAS samples were 
inoculated with the identified strains (Pseudomonas sp. VNT and Aeromonas sp. VNT), while 
the control flask contained sterile 0.85% NaCl in place of a cell solution.  
 
Figure 3.1: Effect of temperature on sludge reduction in control WAS (noninoculated) (white 
bars) and WAS inoculated with Pseudomonas VNT (gray bars) and Aeromonas VNT (black 
bars) after (a) 5 and (b) 20 days of incubation. 
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Figure 3.1 shows the effects of different temperatures (4°C, 10°C, 12°C, 15°C, 20°C, and 30°C) 
on the percentage of sludge reduction over 5 days (Figure 3.1a) and 20 days (Figure 3.1b) under 
aerobic incubation. As expected, a higher sludge reduction percentage was observed with 
increasing temperatures owing to the increased activity of microorganisms in WAS at high 
temperatures, which enhanced the sludge reduction rate. Interestingly, compared with the control 
flask, an approximately 1.5- to 8-fold improvement in sludge reduction was observed in WAS 
inoculated with Pseudomonas sp. VNT and Aeromonas sp. VNT at low temperatures (4°C, 10°C, 
12°C, and 15°C) (Figure 3.1). Figure 3.1a shows an 8- and 5-fold increase in sludge reduction at 
4°C at 5 days following inoculation with Pseudomonas sp. VNT and Aeromonas sp. VNT, 
respectively (Figure 3.1a). These results could be linked to the higher enzyme activities of 
Pseudomonas sp. VNT and Aeromonas sp. VNT (Figure 3.2b) at 4°C, which enhance the 
hydrolysis of WAS. Both the strains degraded WAS at an early stage of incubation to survive 
under cold stress at 4°C. Under cold stress, low temperature tolerant microorganism bacteria 
force their growth through the degradation of WAS in order to withstand the low temperatures 
(Moreno & Rojo, 2014). Under cold stress, bacteria can undergo a phase transition, which affects 
their growth and activity through cell membrane leakage, thereby releasing intracellular enzymes 
useful for WAS reduction (Niu et al., 2012). Therefore, WAS degradation was found to be active 
during the first 5 days of incubation at 4°C, with no potential for sludge reduction under a 
prolonged incubation of 20 days (Figure 3.1b). 
 
In contrast, no sludge reduction effects were found after 5 days when WAS was inoculated with 
Pseudomonas sp. VNT and Aeromonas sp. VNT at 10°C and 12°C (Figure 3.1a). In these cases, 
sludge reduction increased when aerobic incubation was prolonged to 20 days (Figure 3.1b), 
45 
 
indicating that both the strains adapted to the low temperatures (10°C and 12°C) before 
commencing WAS degradation. Under these conditions, microorganisms form a series of 
adaptation mechanisms that require longer incubation times to biologically degrade WAS (Niu et 
al., 2012). 
 
Compared with the control, the percentage of sludge reduction showed a 2-fold increase in WAS 
inoculated with Pseudomonas sp. VNT or Aeromonas sp. VNT following an increase in 
temperature to 15°C and 20°C after 5 days of incubation (Figure 3.1a). These results show that 
both low temperature tolerant microorganisms (Pseudomonas sp. VNT and Aeromonas sp. VNT) 
are suitable and easily adapt to the degradation of WAS at this temperature range. Meanwhile, no 
differences were observed with regard to the sludge reduction percentage between the inoculated 
sludge and the control at 20°C and 30°C after 20 days of incubation (Figure 3.1b).  
 
Aeromonas sp. VNT showed a positive effect following 20 days of inoculation at 12°C and 15°C 
(Figure 3.1b) owing to its increased protease activity at these temperatures (Figure 3.2a). The 
adaptation of microorganisms to low temperatures is a result of their ability to produce cold-
active enzymes, which have a higher activity and stability at low temperatures than at high 
temperatures (Lee et al., 2003). The enzymes (Figure 3.2) produced by these low temperature 
tolerant microbes aid in the degradation of WAS at low temperatures (Sheng et al., 2010). 
 
Thus, the isolated strains Pseudomonas sp. VNT and Aeromonas sp. VNT were able to 
accelerate sludge reduction at low temperatures at which most microorganisms in WAS are 
inactive. Sludge reduction effects were observed following WAS inoculation with Pseudomonas 
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sp. VNT and Aeromonas sp. VNT at the temperature range of 4°C to 15°C, while no sludge 
reduction effects were observed at 20°C and 30°C. Thus, the sludge reduction effects observed at 
low temperatures because of the degradation of carbon sources in WAS are influenced by the 
growth of the isolated strains.  
 
3.3.3   Enzymes, saccharides, and protein determination 
 
To further investigate the role of both Pseudomanas sp. VNT and Aeromonas sp. VNT in sludge 
reduction at low temperatures, enzyme activities were analyzed over the 10 days of incubation at 
varying temperatures. Positive effects on protease and lipase activity were observed in WAS 
inoculated with Pseudomanas sp. VNT and Aeromonas sp. VNT (Figure 3.2). However, no 
effects were observed on amylase and cellulase activity in WAS inoculated with either strain 
(Data not shown).  
 
 
Figure 3.2: (a) Protease and (b) lipase activity in control WAS (noninoculated) and WAS 
inoculated with Pseudomonas VNT and Aeromonas VNT after 10 days at various temperatures: 
4°C ( ), 10°C ( ), 12°C ( ), 15°C ( ), 20°C ( ), and 30°C ( ). 
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Figure 3.2 shows protease and lipase activity in the control flask and WAS inoculated with 
Pseudomonas sp. VNT and Aeromonas sp. VNT over 10 days of incubation. Protease and lipase 
enzymes are known to degrade the complex structure of WAS into shorter structures (Sheng et 
al., 2010) and to contribute to the degradation of sludge flocs to form soluble organic matters 
(Uma Rani et al., 2012).  
 
After the inoculation of both Pseudomonas sp. VNT and Aeromonas sp. VNT, protease activity 
increased from 0.05 to 0.18 U with an increase in temperature (Figure 3.2a). Figure 3.2a shows 
that all flasks, including the control flask, exhibited the same protease activity at 30°C, probably 
owing to the ability of the remaining bacteria to secrete proteases at 30°C. These results also 
indicate that Pseudomonas sp. VNT and Aeromonas sp. VNT secrete extracellular proteases at 
4°C, 10°C, 12°C, 15°C, and 20°C following 10 days of incubation. The secretion of proteases 
from the WAS samples increased sewage sludge hydrolysis by enhancing the proteolytic 
cleavage of peptide bonds, as reported by Maeda et al. (Maeda et al., 2011). Microorganisms 
release extracellular protease to lyse cells and hydrolyze substrates, thereby reducing the WAS 
volume (Li et al., 2009).  
 
Although protease activity was observed in all samples, including the control, following 10 days 
of incubation, only slight lipase activity was detected at 12°C in the control sample. However, 
lipase activity in the range of 0.82 to 3.28 U was detected in flasks inoculated with Pseudomonas 
sp. VNT and Aeromonas sp. VNT (Figure 3.2b). This result is not surprising given that previous 
studies have proved the ability of Pseudomonas and Aeromonas to secrete excess extracellular 
lipases (Bose & Keharia, 2013; Pemberton et al., 1997). 
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Figure 3.3: Soluble protein at (a) 10 and (b) 20 days and soluble saccharides at (c) 10 and (d) 20 
days in control WAS (noninoculated) and WAS inoculated with Pseudomonas VNT and 
Aeromonas VNT during aerobic incubation at various temperatures: 4°C ( ), 10°C ( ), 12°C 
( ), 15°C ( ), 20°C ( ), and 30°C ( ). 
 
 
The increase in protease and lipase activity over the first 10 days promoted the release of other 
components such as proteins and saccharides into the liquid phase (Figure 3.3). Proteins and 
saccharides have previously been reported to be the main component of sludge (Prorot et al., 
2011). The proteins released during the first 10 days (Figure 3.3a) were subsequently degraded 
by proteases into amino acids, thereby causing protein reduction after 20 days of incubation 
(Figure 3.3b) (Mohd Yasin et al., 2013b). A similar trend was observed in a previous study, 
where the protein concentration was observed to increase and subsequently decrease because of 
protease activity (Li et al., 2009). On the other hand, saccharides were also released into the 
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liquid phase during the first 10 days (Figure 3.3c) and were observed to increase during the 20 
days of incubation (Figure 3.3d). Carbohydrate solubility has been shown to increase over time 
when proteins are hydrolyzed to the liquid phase (Li et al., 2009). In addition, the increase in 
saccharides is due to sludge lysis, which disrupts hardbound molecules such as starch and 
cellulose to smaller organic fractions (Mohd Yasin et al., 2013a). Cell lysis in WAS released 
proteins and saccharides into the liquid phase as organic matter for the assimilation of active 
biomass (Prorot et al., 2011; Uma Rani et al., 2012). In this study, compared with the control, the 
inoculation of Pseudomonas sp. VNT and Aeromonas sp. VNT at 30°C did not exert a 
significant effect on the accumulation of proteins and saccharides.  
 
3.3.4   Microbial growth and activity at low temperatures 
 
Microbial activity is largely dependent on temperature; low temperature is one of the limiting 
factors to microbial activity in WAS, affecting its physicochemical properties (Niu et al., 2013). 
In previous studies, several attempts have been made to obtain higher activities and adaptabilities 
of microbial communities at low temperatures (Li et al., 2012; Niu et al., 2013; Niu et al., 2014). 
This study emphasizes that Pseudomonas sp. VNT and Aeromonas sp. VNT are active and can 
survive at low temperatures at which other microorganisms in WAS become inactive. 
 
The low temperature activity of the isolated strains was compared with that of E. coli BW25113 
as a negative control. E. coli BW25113 was chosen to represent other microorganisms in WAS 
in terms of growth and activity at low temperatures. Pseudomonas sp. VNT, Aeromonas sp. VNT 
and E. coli BW25113 were grown in separate flasks containing LB media at various 
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temperatures (4°C, 10°C, 12°C, 15°C, 20°C, and 30°C) with shaking at 120 rpm under aerobic 
conditions. The turbidity was measured as a function of time (Figure 3.4). Figure 3.4a shows that 
E. coli could not survive at 4°C, while Pseudomonas sp. VNT and Aeromonas sp. VNT were 
successfully grown after 10 days of incubation. Moreover, a long lag phase was observed for E. 
coli BW25113 at 10°C (Figure 3.4b) and 12°C (Figure 3.4c), while Pseudomonas sp. VNT and 
Aeromonas sp. VNT grew very fast at these temperatures. The growth of Pseudomonas sp. VNT 
and Aeromonas sp. VNT increased during the initial 5 days and was stable up to 10 days (Figure 
3.4). In contrast, E. coli BW25113 grew at the same rate as Pseudomonas sp. VNT and 
Aeromonas sp. VNT at 15°C, 20°C, and 30°C (Figure 3.4d–f), indicating that the growth of 
either of the isolated strains was the same as that of the remaining bacteria in WAS at high 
temperatures. 
 
 
Figure 3.4: Cell growth of E. coli BW25113 (triangle), Pseudomonas VNT (diamond), and 
Aeromonas VNT (square) under aerobic conditions at 600 nm absorbance at various 
temperatures: (a) 4°C, (b) 10°C, (c) 12°C, (d) 15°C, (e) 20°C, and (f) 30°C. 
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To elucidate the microbial activity of both isolated strains at low temperatures, grown 
Pseudomonas sp. VNT, Aeromonas sp. VNT, and E. coli BW25113 were tested using the 
Microbial Activity Kit. The activities of each strain were analyzed using a colorimetric assay by 
measuring the absorbance at 450 nm (Figure 3.5). Figure 3.5 shows the activity of Pseudomonas 
sp. VNT, Aeromonas sp. VNT, and E. coli BW25113 at the various temperatures after 5 days of 
incubation in LB media. As expected, E. coli BW25113 was inactive at 4°C while slight activity 
of Pseudomonas sp. VNT and Aeromonas sp. VNT were observed. Both strain release cold 
adaptive enzymes to withstand cold temperature at 4°C, thus commencing WAS degradation 
(Moreno & Rojo, 2014). Upon increasing temperatures, the activity of E. coli BW25113 was low 
at 10°C and 12°C and gradually increased with the increase in temperature from 15°C to 30°C.  
 
 
Figure 3.5: Microbial activity of E. coli BW25113 (white bars), Pseudomonas VNT (gray bars), 
and Aeromonas VNT (black bars) at various temperatures under aerobic conditions at 450 nm 
absorbance. 
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Cell growth and microbial activity tests showed that Pseudomonas sp. VNT and Aeromonas sp. 
VNT were active at low temperatures. Both the strains could survive even at a temperature as 
low as 4°C. These results are supported by previous studies where Pseudomonas and Aeromonas 
have been found to actively grow under low temperatures (Pianetti et al., 2008; Vacková et al., 
2011). In this study, Pseudomonas sp. VNT and Aeromonas sp. VNT were actively grown at a 
low temperature, thereby enhancing the efficiency of sludge reduction in cold conditions. 
 
3.3.5   Microbial community analysis 
 
Figure 3.6 shows the DGGE profiles of WAS for the control and Pseudomonas sp. VNT and 
Aeromonas sp. VNT samples following 0, 10, and 20 days of incubation at 12°C. Lanes A1 and 
B1 show a single colony of Pseudomonas sp. VNT and Aeromonas sp. VNT, respectively. All 
samples show similar patterns of microbial community before incubation (Lane C to E). Bands 
characterized to be closely related to P. korensis (KC790278) (96% similarities; Table 3.1) were 
labeled as A1, C3, D3, E3, F3, G1, and I1, emphasizing the relation of these bands to 
Pseudomonas sp. VNT. These bands were present in all samples at day 0 and were present in the 
control (F3) and WAS inoculated with Pseudomonas sp. VNT (G1) after 10 days of incubation. 
After 20 days of incubation, only the control flask showed similarity with this band. However, 
the microbial community considerably changed in the samples inoculated with Pseudomonas sp. 
VNT and Aeromonas sp. VNT from 10 days after incubation at 12°C. Aeromonas sp. VNT was 
not detected at day 0 after inoculation in WAS but was detected after 10 days of incubation (H6), 
with an 88% similarity to A. hydrophila. The inoculation of Aeromonas sp. VNT drastically 
changed the microbial community after 10 and 20 days of incubation. The remaining microbial 
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communities belonged to uncultured bacteria closely related to the wastewater environment and 
soil (Table 3.1). Interestingly, bands C2, D2, E2, F2, G2, and K2 in WAS were closely related to 
uncultured bacteria known as lignocellulose-degrading bacteria. These bacteria can hydrolyze 
large molecules of cellulose and hemicellulose available in WAS to smaller organic fractions 
(Guo et al., 2010). Notably, microbial community analysis through DGGE using WAS samples 
is an effective method to determine the microbial population diversity because the dominant 
microbial populations belong to an uncultured bacterium (Table 3.1). The uncultured bacterium 
is uncultivable and cannot be identified using a normal cultivation method that may be useful in 
determining the degradation of excess sludge. 
 
 
Figure 3.6: DGGE band patterns of 16S rRNA under a denaturation of 30%–57%. Lanes A: 
Single culture of Pseudomonas sp. VNT; B: Single culture of Aeromonas sp. VNT; C–E: 0 days 
of incubation at 12°C; F–H: 10 days of incubation at 12°C; I–K: 20 days of incubation at 12°C; 
C, F, I: Control WAS (noninoculated); D, G, J: WAS inoculated with Pseudomonas sp. VNT; E, 
H, K: WAS inoculated with Aeromonas sp. VNT.
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Table 3.1: Phylogenetic affiliation of excised DGGE bands. 
 
Band 
 
Nearest 
relative 
Accession Source Similarity 
(%) 
Phylogeny 
A1, C3, D3, E3, 
F3, G1, I1  
Pseudomonas 
korensis 
 
KC790278 
 
Biodiversity of endophytic bacteria 96 Bacteria 
B1, H6 Aeromonas 
hydrophila 
 
CP007576 Isolated from soil of catfish pond 
 
88 Bacteria 
C1, D1, E1, F1 Uncultured 
bacterium 
 
JF910025 Uncultured bacterium  
(Bacterial diversity in paddy field) 
97 Bacteria 
C2, D2, E2, F2, 
G2, K2 
Uncultured 
bacterium 
 
EU635489 Uncultured bacterium  
(Lignocellulose-degrading bacteria) 
83 Bacteria 
G4, H1, J1, I2, 
K3 
Pseudomonas 
sp. CB24 
 
EU482927 Pseudomonas sp. CB24 
 
100 Bacteria  
G3 Uncultured 
actinobacterium 
 
FJ718167 Uncultured actinobacterium 
(communities from Coastal Atlantic ocean) 
81 Bacteria 
C4, D4, E4, F4, 
G5, H3, I4, J3, 
K5 
 
Uncultured 
bacterium 
GQ351500 Uncultured bacterium  
(glacial peat in China) 
83 Bacteria 
C5, D5, E5, F6, 
G7, H4, I6, J5, 
K7 
 
Uncultured 
bacterium 
KC551659 Uncultured bacterium  
(in activated sludge) 
88 Bacteria 
C6, D6, E6, F8, 
G9, I8 
Uncultured 
bacterium 
 
GQ289430 Uncultured bacterium  
(soil onside wastewater treatment) 
83 Bacteria 
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F5, G6, I5, J4, 
K6 
Uncultured 
acidobacteria 
 
JX494018 Uncultured acidobacteria (Soils) 
 
90 Bacteria 
F7, G8, H5, I7, 
J6, K8 
Uncultured 
actinobacterium 
 
FJ718112 Uncultured actinobacterium  
(Coastal Atlantic ocean) 
81 Bacteria 
H2, I3, K4, J2 Uncultured 
bacterium 
 
FR774608 Uncultured bacterium  
(wastewater environment) 
93 Bacteria 
H6 Uncultured 
bacterium 
 
GQ981481 Uncultured bacterium  
(soil) 
89 Bacteria 
K1 Uncultured 
bacterium 
EU491718 Uncultured bacterium  
(diversity of ocean crust) 
82 Bacteria 
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3.4   Conclusions 
 
This study showed that the isolated strains Pseudomonas sp. VNT and Aeromonas sp. VNT are 
preferentially active at low temperatures in utilization of excess sludge. In addition, other 
bacteria in WAS are inactive at these temperatures. Overall, compared with the control, a 2- to 8-
fold improvement in sludge reduction was observed at the temperature range from 4°C to 15°C. 
This improvement was attributed to protease and lipase enzymes secreted in WAS following 
inoculation with either strain. Therefore, both strains are promising for the effective degradation 
of WAS in cold climate regions or during the winter season. 
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CHAPTER 4 
BIOHYDROGEN PRODUCTION FROM OIL PALM FROND JUICE AND WASTE 
ACTIVATED SLUDGE BY A METABOLICALLY ENGINEERED Escherichia coli 
 
4.1   Introduction 
 
The demand for petroleum fuels impacts economic development; researchers have tried various 
methods to produce an alternative energy source which minimizes environmental pollution and 
greenhouse gases (GHG) (Kim et al., 2012; Mohd Yusoff et al., 2013b; Mohd Yusoff et al., 
2012). Biohydrogen is an attractive energy due to its high energy value and since it produces 
only water instead of GHG during combustion (Mohd Yasin et al., 2011). Biological production 
is the cheapest and environmental friendly way to produce hydrogen compared to other methods 
such as coal gasification, water electrolysis and the water-gas shift reaction (Mohd Yusoff et al., 
2012). 
 
Escherichia coli is well-known and widely used due to the availability of its complete known 
genome sequence (Maeda et al., 2007a; Mohd Yusoff et al., 2012). During glucose metabolism 
in E. coli, hydrogen can be produced by the formate hydrogen lyase (FHL) system that requires 
hydrogenase 3 and formate dehydrogenase H (FdhF) (Sanchez-Torres et al., 2009; Sanchez-
Torres et al., 2013). In our previous study (Maeda et al., 2007a), E. coli BW25113 hyaB hybC 
hycA fdoG ldhA frdc aceE was metabolically engineered to direct glucose utilization pathways 
towards hydrogen production. This strain was constructed by deletion of hydrogenase 1 (hyaB) 
and hydrogenase 2 (hybC) to prevent hydrogen uptake activity; inactivation of the FHL complex 
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repressor inhibitor (hycA); inactivate formate and pyruvate consumption by deletion of formate 
dehydrogenase (fdoG) and pyruvate dehydrogenase (aceE); inactivation of fumarate reductase 
(frdC) and lactate dehydrogenase (ldhA) to prevent glucose shift to succinate- and lactate-
producing pathways (Maeda et al., 2007a). Thus, the total of seven deletions from the parent 
strain was successful in improving hydrogen production from E. coli (Maeda et al., 2007a).  
 
The palm oil industry is one of the biggest industries in Malaysia and generates different types of 
biomass during oil processing such as frond, palm oil mill effluent, empty fruit bunch, mesocarp 
fiber, trunk, and shell (M.Z.M. Yusoff 2009; Sumathi et al., 2008). Oil palm frond (OPF) juice 
from palm oil plantations contains high amount of sugars (Zahari et al., 2012). OPF derivatives 
were used in the poly-3-hydroxybutyrate production (Zahari et al., 2012) and animal feed 
(Mahgoub et al., 2007) but no reports have been published for biohydrogen related applications. 
Additionally, waste activated sludge (WAS) is the most abundant waste from wastewater 
treatment plants worldwide. The production of WAS in Japan has increased annually and is 
expected to increase (Cao et al., 2013). Reported, WAS has been consumed for hydrogen and/or 
methane production (Kotay & Das, 2009; Murakami et al., 2009). Most prior work used the 
WAS as an inoculum or nutrient additive for biohydrogen production (Kim et al., 2012; Kotay & 
Das, 2009). WAS contained complex structures that require treatment to improve hydrolysis 
process for biohydrogen production (Uma Rani et al., 2012). Many research proved heat, 
physical, chemical and biological treatment with enzyme to sludge in order to improve soluble 
substrate for biogas production (Uma Rani et al., 2012). Thus in this study, we try to use 
enzymes such as amylase and cellulase to degrade starch, cellulose and lignocellulose readily 
available in WAS for biohydrogen production. In our previous report, there were no applications 
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for renewable substrates by using our septuple-engineered strain (Maeda et al., 2007a). Thus in 
this study, we investigated the use of oil palm frond (OPF) juice and WAS in place of glucose to 
ascertain whether this engineered strain can utilize less expensive biomass for higher 
biohydrogen production.  
 
We demonstrate here that our metabolically engineered E. coli uses OPF juice and WAS as 
substrates that enhance biohydrogen productivity. We also show that WAS may be used as an 
alternative feedstock after enzyme treatment and as supplement nitrogen source. This report is 
important for future research for both strain and substrate improvement and for better 
understanding of metabolic engineering research for enhanced biohydrogen production. 
 
4.2   Materials and Methods 
 
4.2.1   Bacterial strain 
 
Escherichia coli BW25113 and BW25113 hyaB hybC hycA fdoG ldhA frdc aceE were initially 
streaked on Luria-Bertani (LB) (tryptone 10 g/l, yeast extract 5 g/l, NaCl 5 g/l) agar and LB agar 
with 100 μg/ml kanamycin, respectively and grown overnight at 37 °C. One single colony was 
picked up and cultured on complex glucose and complex glucose with 100 μg/ml kanamycin at 
37 °C with shaking at 120 rpm (Maeda et al., 2007a). Each strain was harvested and washed with 
autoclaved 0.85% NaCl, and the turbidity was adjusted to the same initial value of 0.5 prior to 
the inoculation to the substrate. The cell turbidity was measured by UV/VIS spectrophotometry 
(JASCO V-530) at 600 nm. 
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4.2.2   Preparation of substrate 
 
4.2.2.1   Sludge preparation and enzyme treatment 
 
The solid pellet WAS was adjusted to 50% (wet-w/v) of sludge concentration with autoclaved 
distilled water (Maeda et al., 2011).  Then, the sludge was autoclaved at 121°C for 40 min, and 
checked for contamination by spreading on LB agar prior to the subsequent experiments. The 
mixture of amylase and cellulase enzymes were added up to the concentration of 10 U/ml to the 
autoclaved sludge, and the enzyme treatment was conducted for 2 h at 37°C, 120 rpm followed 
by enzyme deactivation for 30 min at 60°C, 120 rpm. Sterile water was used instead of enzymes 
for the sludge represents no enzyme treatment as negative control. The characteristics of sludge 
with and without enzyme treatment are indicated in Table 4.1. 
 
4.2.2.2   Oil palm frond (OPF) juice preparation 
 
OPF juice was obtained from Universiti Putra Malaysia, Serdang, Selangor, Malaysia and the 
juice was extracted from the petioles and pressed by a sugarcane pressing machine as described 
by Zahari et al (Zahari et al., 2012). The juice was centrifuged and the supernatant was filtered to 
obtain a sterile substrate and to prevent sugar degradation by bacteria. The sterile OPF juice was 
stored in polyethylene plastic containers and was kept at 4 °C. The characteristics of the OPF 
juice used in this study are indicated in Table 4.1. 
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4.2.2.3   Oil palm frond (OPF) juice and waste activated sludge (WAS) 
 
OPF juice as described above was mixed with sterile 50% (w/v) WAS at a ratio of 7:3. The 
characteristics of the mixture of OPF juice and WAS are indicated in Table 4.1.  
 
Table 4.1: Characteristics of substrates used in this study 
 
Parameters Unit WAS OPF juice OPF juice 
with WAS Without enzyme 
treatment 
With enzyme 
treatment 
pH  - 6.3 ± 0.1 6.0 ± 0.1 4.3 ± 0.1 5.8 ± 0.1 
Protein g/l 2.0 ± 0.4 3 ± 1 2.7 ± 0.2 5 ± 2 
Total sugar g/l 3.25 ± 0.71 4.7 ± 0.7  28.8 ± 5.8 20.3 ± 1.3 
Glucose g/l  2.2 ± 0.5 3.3 ± 0.3 23 ± 3 17.0 ± 1.9 
Fructose g/l 0.82 ± 0.01 1.0 ± 0.2  3.5 ± 1.9 1.7 ± 0.1 
Sucrose g/l 0.23 ± 0.2 0.4 ± 0.2 2.3 ± 0.9 1.6 ± 0.3 
Total nitrogen  mg/l 14 ± 1 16 ± 1 0.30 ± 0.02 6.1 ± 0.5 
Total solid  g/l 80 ± 2 62 ± 2 nd 35 ± 1 
nd: not detected 
 
 
4.2.3   Biohydrogen assay 
 
One ml of overnight culture with an adjusted turbidity of 0.5 was inoculated into 9 g of substrate 
in 34 ml serum vials. The vials were tightly crimped and sparged with nitrogen gas for 5 min to 
create anaerobic conditions (Mohd Yasin et al., 2011). Biohydrogen assay was conducted in an 
incubator shaker at 37 °C, 120 rpm.  
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4.2.4   Low hydrogen partial pressure assay 
 
Five ml of each strain with an adjusted turbidity of 0.5 were inoculated into 45 g of substrate in 
125 ml serum vials and stirred with a magnetic stirrer. The vials were tightly crimped and 
sparged as described above. Hydrogen gas was allowed to leave the headspace of the vials 
through a tube connected with needle in the rubber septa. Additional details of the assay have 
been  reported previously (Maeda et al., 2008). 
 
4.2.5   Analytical method 
 
Fifty μl of gas generated from the headspace of vials was analyzed by a 6890-N gas 
chromatograph (Agilent Technologies, Glastonbury, CT) as described previously (Maeda et al., 
2007c). The organic acids measurement was analyzed by high performance liquid 
chromatography (Shimadzu LC-10AD) (Mohd Yusoff et al., 2012). The sugar component was 
measured by high performance liquid chromatography (Shimadzu LC-20A) equipped with a 
column Rezex RCM monosaccharite Cazt (8%) 00h-0130-K0 (300x75mm) with a reflective 
index detector at 80°C. Filtered distilled water was used as a mobile phase at a flow rate of 0.6 
ml/min. pH was measured by a AS ONE compact pH meter, AS-211 (Horiba Ltd, Kyoto, Japan). 
The protein measurement was according to Lowry method (Lowry et al., 1951) while total 
nitrogen was measured via the alkaline persulfate oxidation method (Cabrera & Beare, 1993). 
Total solids were measured according to the Standard Method for Water and Wastewater, APHA 
(APHA, 2005).  
 
63 
 
4.2.6   Scanning electron microscope (SEM) 
 
A 5 µl of sludge samples were directly dropped and spread on the SEM mount without any 
special pre-treatment. The surface of the samples were compared by visualization using a 
scanning electron microscope (Hitachi S-3500N) equipped with a chemical composition analyzer 
(EMAX 7021-H, Horiba, England).  
 
4.3   Results and Discussions 
 
4.3.1   Biohydrogen from WAS with and without enzyme treatment 
 
Sludge samples of 50% (wet-w/v) were used throughout this study by washing and re-
suspending the sludge with sterilized water to ensure the consistency of sludge sample in the 
initial conditions.  In our preliminary study, sludge was treated with different enzymes (amylase, 
cellulase and protease) as a pre-treatment to investigate the effects of starch, cellulose and 
protein hydrolysis on biohydrogen production. We found that the amylase and cellulase enzyme 
treatments resulted in higher biohydrogen production when compared to protease treatment. This 
might be because the protein degradation to amino acids did not affect biohydrogen production 
as much as when compared to sugars (Xiao et al., 2010).  Amylase treatment degraded the starch 
into sugars to enhance the hydrolysis process during the anaerobic degradation pathway. This 
result was supported by Wang et al (Wang et al., 2010) when they added amylases to a kitchen-
waste-feed into a hydrogen fermenter to increase the efficiency of starch hydrolysis due to the 
high molecular weight of starch. Cellulose and lignocelluloses are the most abundant 
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biopolymers from plants present in WAS. However, cellulose is not degraded much due to its 
crystalline and rigid structure (Lee et al., 2008b).  Thus, many groups have applied physical 
treatments such as steam-explosion or chemical treatment using acid or alkaline treatment to 
disrupt the rigid structure of cellulosic and lignocellulosic materials for cellulose chain 
hydrolysis (Levin et al., 2009). Thus in this report we only consider the mixture of amylase and 
cellulase enzymes as a pre-treatment to the sludge for biohydrogen production. Thus study 
showed that the mixture of enzymes (amylase and cellulase) to WAS increased biohydrogen 
productivity roughly 8-fold (Figure 4.1). WAS without enzyme treatment produced 53 µmol 
H2/10
10cfu from fermentation with engineered E. coli while biohydrogen productivity was 
increased to 407 µmol H2/10
10cfu when the WAS was treated with the mixture of amylase and 
cellulase enzymes. In our previous study, the hydrogen productivity was calculated in µmol 
H2/mg protein based on the turbidity of E. coli (Maeda et al., 2007a). However, in this study the 
growth of E. coli was measured by colony forming unit (cfu) to eliminate the interruption of 
sludge during turbidity measurement. Thus, hydrogen productivity was reported in µmol H2/cfu 
in this study.  
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Figure 4.1: Biohydrogen productivity by E. coli BW25113 and E. coli BW25113 hyaB hybC 
hycA fdoG ldhA frdc aceE from different substrate at 24 h fermentation. 
 
 
Glucose has been considered as a sole substrate for microbial utilization in biohydrogen 
production, and WAS is usually considered as a dead-end product in sewage treatment plants 
since it does not contain many sugars (Table 4.1). However, after treatment with a mixture of 
amylase and cellulase, sugar and protein content increased by 31% and 23%, respectively (Table 
4.1). These results indicate that enzyme pretreatment made available smaller compounds of the 
complex sugars. Table 4.1 shows that the total nitrogen content also increased by 13% after 
enzyme treatment. The total solid was low (62 ± 2 g/l) after enzyme treatment when compared to 
the total solid without enzyme treatment (80 ± 2 g/l) due to the degradation of cellulosic and 
lignocellulosic structure in the sewage sludge (Levin et al., 2009).  
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Figure 4.2: Scanning electron microscope (SEM) micrograph under 500x magnification of (a) 
sludge treated with enzymes at 0 h, (b) sludge without enzyme treatment at 0 h, (c) sludge treated 
with enzymes at 24 h, and (d) sludge without enzyme treatment at 24 h from fermentation with E. 
coli BW25113 hyaB hybC hycA fdoG ldhA frdc aceE. 
 
 
Figure 4.2 indicates scanning electron microscope (SEM) micrographs which showed the 
degradation of the complex structure of the sludge when it was treated with the mixture of 
amylase and cellulase (Figure 4.2a). Sludge treated with enzymes shows a hole (red arrow) in the 
sludge structure (Figure 4.2a). On the other hand, the non-degraded structure of sludge can be 
seen when sludge was not treated with amylase and cellulase enzymes (Figure 4.2b). Figure 4.2c 
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shows the degradation of sludge to smaller structures after fermentation of sludge with enzyme 
treatment while Figure 4.2d shows that the complex structure of the sludge is still present after 
fermentation without enzyme treatment. These results proved that enzyme treatment increases 
the hydrolysis of complex structures in the sludge as indicated by the increase in 
monosaccharides (glucose and fructose) and disaccharides (sucrose) in Table 4.1.  
 
4.3.2   Biohydrogen from OPF juice and OPF juice mixed with WAS 
 
Figure 4.1 shows biohydrogen productivity was 854 µmol/1010cfu when OPF juice was used as a 
substrate by our engineered strain. The enhancement of biohydrogen productivity to 1249 
µmol/1010cfu was observed when sewage sludge was added with OPF juice from our engineered 
strain. Table 4.1 indicates that OPF juice contains a high amount of sugars mainly composed of 
glucose as reported by Zahari et al (Zahari et al., 2012). The glucose concentration was important 
in glucose metabolism for biohydrogen production from E. coli. However, addition of sewage 
sludge to OPF juice increases the total nitrogen content in the substrate to 6.1 ± 0.5 from 0.30 ± 
0.02 mg/l in OPF juice. The combination of glucose and nitrogen source from OPF juice and 
sewage sludge, respectively provide a proper combination of carbon to nitrogen (C/N) ratio (Kim 
et al., 2012). The addition of sewage sludge to OPF juice increase protein concentration from 2.7 
± 0.2 to 5 ± 2 g/l. The increment of protein content might also contribute to nutrient 
supplementation for cell growth in E. coli (Amezaga & Booth, 1999).  
 
The addition of sewage sludge also increases the pH of the substrate to pH 5.8 from 4.3. In 
addition, sewage sludge mixed along with OPF juice makes the pH suitable for biohydrogen 
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production without requiring pH control since pH was a crucial factor in influencing 
biohydrogen production (Mohd Yasin et al., 2011). Thus, higher biohydrogen productivity which 
resulted when sewage sludge was added along with OPF juice as indicated in Figure 4.1 was due 
to the following two factors. The first factor was protein and nitrogen supplementation to OPF 
juice and the second factor was due to the suitable pH which provides favorable conditions for 
the growth of E. coli for hydrogen evolution. Inexpensive feedstock and higher biohydrogen 
productivity from fermentation of OPF juice and sludge without requirement of pH adjustment 
can decrease the cost of energy production and can be a promising strategy for renewable energy 
production (Sanchez-Torres et al., 2009). Thus, OPF juice mixed with sludge can be an 
alternative feedstock for biohydrogen production. 
 
4.3.3   Biohydrogen enhancement by E. coli BW25113 hyaB hybC hycA fdoG ldhA frdc aceE 
 
Figure 4.1 shows hydrogen productivity from all the conditions tested by E. coli BW25113 and 
our engineered E. coli strain.  Compared with the parent strain, the enhancement of biohydrogen 
productivity from our engineered strain was 35-fold for sludge without amylase and cellulase 
treatment, 254-fold for sludge with amylase and cellulase treatment, 193-fold for OPF juice, and 
64-fold for OPF juice with sludge.   Figure 4.1 shows low biohydrogen productivity was 
observed in all conditions from the unmodified E. coli BW25113. However, outstanding 
biohydrogen productivity was observed from E. coli BW25113 hyaB hybC hycA fdoG ldhA frdc 
aceE due to the elimination of related genes that can reduce hydrogen efficiency (Maeda et al., 
2007a). 
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Table 4.2 indicates the yield comparison from our study with previous studies. The low hydrogen 
partial pressure assay was carried out in this study to compare the yield with our previous study. 
The yield obtained from this study was 1.5 mol H2/mol glucose from OPF juice and sludge. 
Meanwhile, the yield from our previous study was 1.3 mol H2/mol glucose from complex 
glucose (Maeda et al., 2007a). However, only 0.8 mol H2/mol glucose was produced from parent 
strain from fermentation with OPF juice and sewage sludge. The same yield was also achieved 
by our engineered strain when OPF juice was used as a substrate. The yield of 1.5 mol H2/mol 
glucose from our study indicates that our engineered strain can produce more hydrogen since the 
theoretical yield of hydrogen from glucose is 2 mol H2/mol glucose (Vardar-Schara et al., 2008a). 
 
Compared to other studies, Cheng and Chang achieved 0.96 mol H2/mol glucose by 
Pseudomonas sp. CL3 which secretes cellulase for saccharification of bagasses followed by 
separate hydrolysis and fermentation process by Clostridium pasteurianum CH4 (Cheng & 
Chang, 2011). In addition, Zhao and colleagues achieved 1.97 mol H2/mol glucose from 
fermentation with Clostridium beijeirinckii RZF-1108 from PYG medium (Zhao et al., 2011). 
The theoretical yield of 4 mol H2/mol glucose from strict anaerobes such as Clostridium sp. 
indicates that the yield from other studies was significantly less from the theoretical yield 
compared to our engineered E. coli strain (Vardar-Schara et al., 2008a). Thus, E. coli BW25113 
hyaB hybC hycA fdoG ldhA frdc aceE has been shown here to generate an outstanding 
improvement in biohydrogen production in the new substrate. This strain can be further tested 
for advanced molecular study for improvement of hydrogen production. 
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Table 4.2: Comparison of biohydrogen yield 
 
Strain Substrate Yield (mol H2/mol glucose) References 
E.coli BW25113 hyaB 
hybC hycA fdoG ldhA 
frdc aceE 
 
Complex glucose 1.3 (Maeda et al., 
2007a) 
Pseudomonas sp. CL3 
and Clostridium 
pasteurianum  CH4 
 
Bagass 
 
0.96 (Cheng & 
Chang, 2011) 
Clostridium beijerinckii 
RZF-1108 
 
PYG medium 
 
1.97 (Zhao et al., 
2011) 
E.coli BW25113 
 
OPF juice 
 
0.04 This study 
E.coli BW25113 hyaB 
hybC hycA fdoG ldhA 
frdc aceE 
 
OPF juice 
 
0.8 This study 
E.coli BW25113 
 
OPF juice with 
sewage sludge 
0.8 This study 
E.coli BW25113 hyaB 
hybC hycA fdoG ldhA 
frdc aceE 
OPF juice with 
sewage sludge 
1.5 This study 
 
 
4.3.4   Organic acids profile 
 
Biohydrogen production was also accompanied by organic acids production during glucose 
metabolism by E. coli. In glycolysis, glucose degradation by E. coli can follow succinate- and 
lactate- producing pathways (Vardar-Schara et al., 2008a). Glucose can be degraded to 
phosphoenol pyruvate and pyruvate to produce succinic acid and lactic acid, respectively. 
However, phosphoenol pyruvate and pyruvate are needed for formate synthesis to be used by E. 
coli for biohydrogen production through the active formate hydrogen lyase (FHL) complex 
(Sanchez-Torres et al., 2009). Thus, succinic acid and lactic acid production reduce the 
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efficiency of glucose metabolism for hydrogen evolution. In this study, we observed lactic acid 
as the main metabolite produced from fermentation of E. coli BW25113 (Figure 4.3a). The 
highest lactic acid production was detected from fermentation of OPF juice and OPF juice with 
sludge due to higher glucose concentration in both sources as indicated in Table 4.1. As expected, 
lactic acid was not produced from our engineered strain due to knock-out of the lactate 
dehydrogenase (ldhA) gene that is related to lactate-producing pathway (Maeda et al., 2007a) 
(Figure 4.3b). Lactic acid can be found in sludge samples without enzyme treatment by our 
engineered strain. This might be due to another lactate dehydrogenase isoenzyme that may 
trigger lactic acid production in glycolysis pathway (Markert, 1963). 
 
Figure 4.3b shows the main metabolites produced by our engineered strain were acetic acid and 
succinic acid from fermentation of sludge with and without enzyme treatment. Meanwhile, only 
acetic acid was observed as the main metabolites from fermentation of OPF juice and OPF juice 
mixed along with sludge. More acetic acid production was observed from fermentation by our 
engineered strain due to the degradation of sludge to hydrogen which parallels the theoretical 
yield of 4 moles of hydrogen produced when the final product is acetic acid (Mohd Yasin et al., 
2011). Both sample from sludge with and without enzyme treatment produced more formic acid 
in the fermentation with our engineered strain than with the parent strain. These result reveal that 
our engineered strain enhanced production of formic acid but not all of the formate was fully 
utilized for production of biohydrogen (Mohd Yusoff et al., 2012) when sludge is used without 
OPF. No formic acid was observed from both strains in OPF juice and OPF juice mixed along 
with sewage sludge due to the complete utilization of formate to hydrogen through FHL activity 
(Mohd Yusoff et al., 2012). 
72 
 
 
Figure 4.3: Organic acids and pH at 24 h of incubation with (a) E. coli BW25113 and (b) E. coli 
BW25113 hyaB hybC hycA fdoG ldhA frdc aceE from different substrates. 
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4.4   Conclusions 
 
This study revealed that metabolically engineered strain, E. coli BW25113 hyaB hybC hycA 
fdoG ldhA frdc aceE  biohydrogen productivity from biomass sources such as OPF juice and 
sewage sludge was improved 200-fold compared to the unmodified host. Sludge with enzyme 
treatment (amylase and cellulase) accomplished 8-fold hydrogen productivity when compared 
to without enzymes treatment from our engineered strain. The metabolically engineered strain 
also allowed us to obtain one of the highest yields, to 1.5 mol H2/mol glucose, with the mixture 
of OPF juice and sewage sludge as a substrate compared to the reported yield of 1.3 mol H2/mol 
glucose. The results demonstrate the feasibility of our engineered strain for utilizing industrial 
biomass with an outstanding improvement towards hydrogen production when compared to the 
unmodified host.  
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CHAPTER 5 
CO2 SEQUESTRATION BY METHANOGENS IN ACTIVATED SLUDGE FOR 
METHANE PRODUCTION 
 
5.1   Introduction 
 
An atmospheric concentration of carbon dioxide (CO2) has increased significantly from year to 
year and has become an issue for mitigation and control including those outlined in the United 
Nation Framework Convention on Climate Change in the year of 1992 and implementation of 
Kyoto protocol starting from 1997 (Hu & Monroy, 2012; Omae, 2006). Unfortunately, excess 
atmospheric CO2 does not provide significant balance in the carbon cycle. In addition, CO2 is 
abundant, inflammable, and nontoxic and can be used as a carbon source in producing valuable 
products (Zangeneh et al., 2011). Recent studies have been carried out to investigate CO2 
utilization by plants through photosynthesis (Acién Fernández et al., 2012; Thongbai et al., 2011), 
supercritical fluid extraction of CO2 (Da Porto et al., 2014), and CO2 reduction by catalysts to 
form a wide variety of chemicals such as methanol, formic acid, urea, carboxylic acid, lactones, 
carbonates, and other petrochemicals (Barker & Kamen, 1945; Huang et al., 2014; Ladera et al., 
2013; Omae, 2006; Omae, 2012; Wu et al., 2009). However, CO2 pressurized in the coal bed 
system and gasification for methane production by carbon captured and storage (CCS) system 
required fossil fired power plant, larger facilities, and high energy input (Chen et al., 2012; 
Huang et al., 2014; Pękala et al., 2010; Pettinau et al., 2012). 
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An alternative method for sustainable use of CO2 is to convert this gas to an energy source such 
as methane. Thereby, this strategy can be as one of the options to trap CO2 and exploit it for other 
CO2 application to reduce the effect of global warming. In addition, this process is economically 
friendly due to the low energy requirements (Kim et al., 2013; Larkin et al., 1998; Zangeneh et 
al., 2011). Methane produced from indigenous anaerobic microorganisms is a safe gas which can 
be used as a source of electricity and energy for internal combustion engines for power 
generation and automobiles (Chandra et al., 2012; Tabatabaei et al., 2010). In addition, methane 
also can be used as a starting material for methanol, biodiesel and other hydrocarbon productions 
(Duan et al., 2011; Zhao et al., 2014). Biological methane production from CO2 is an exciting 
approach for the implementation of CO2 capture and storage (CCS) power plant as an option to 
utilize CO2 for bioenergy production (Rübbelke & Vögele, 2013). Thus, application of this 
system might be more beneficial by using indigenous microorganisms readily available in the 
environment. In this study, we use waste activated sludge (WAS) as an inoculum source for CO2 
sequestration for methane production. 
 
WAS is the most abundant waste produced by a globally-operated activated sludge system in 
wastewater treatment plant. Reported by Maeda et al. (Maeda et al., 2011), WAS has been 
produced from the Hiagari wastewater treatment plant in Kitakyushu, Japan where about 7530 
m3 of excess sludge have been daily generated through the treatment of domestic sewage. To 
date, several attempts have been made to reduce excess sludge for biogas production (Liu et al., 
2013) and other treatments such as thermal and pH treatment (Uma Rani et al., 2012) in order to 
reduce the volume of WAS. Many studies have been carried out for methane production from 
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high-molecular-weight compounds present in municipal solid waste, food waste and biomass 
feedstock by using WAS as a bacterial source (Liu et al., 2013; Nallathambi Gunaseelan, 1997). 
 
Biological methane production through anaerobic digestion of WAS is divided into the four 
phases which are hydrolysis, acidogenesis, acetogenesis and methanogenesis processes triggered 
by different types of microorganisms (Chandra et al., 2012). In the processes, organic 
components in WAS are the main substrate for methane production, which are degraded and 
converted into small molecules from large ones through hydrolysis process, then organic acids 
(mainly acetate) through acidogenesis and acetogenesis, and finally methane through 
methanogenesis process.    Therefore, methane production from WAS itself is indeed complicate.  
On the other hand, WAS can be really rich sources of microorganisms including mainly archaea 
and bacteria, which are able to produce useful materials such as methane.  Theoretically,  
methane evolution comes from three different sources which are (i) hydrogen and carbon dioxide, 
(ii) acetate and (iii) formate (Demirel & Scherer, 2008). Reported by Demirel and Scherer 
(Demirel & Scherer, 2008), hydrogenotrophic and aceticlastic methanogens are two of the 
important methanogenic bacteria in methane production.  Thus, WAS has a certain potential as a 
microbial sources to utilize carbon dioxide; however, as mentioned above, it was difficult for us 
to obtaine the great microbial communities which have the ability to clearly utilize carbon 
dioxide into methane. This is because methane gas can be produced from WAS itself rather than 
from carbon dioxide sequestration by microbial activity in WAS.  Hence, in order to evaluate 
only the microbial activity of WAS, we need to make an absolute condition at which methane is 
not produced from WAS itself.  In fact, although reported article on methane production from 
CO2 as a source of carbon by using H2 as a reductant (Kim et al., 2013), there is no evidence to 
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prove that methane is derived from carbon oxide and is not coming from WAS itself.  
 
In this study, instead of using high-molecular-weight organic in WAS for methane production, 
we used enriched methanogens in WAS to see the real potential for assimilating CO2 as a sole 
source of carbon. This work aims to demonstrate the bioenergy production (methane) from CO2 
as a sole carbon source by using enriched methanogen prepared from WAS.  
 
5.2     Materials and Methods 
 
5.2.1 Sludge source and preparation 
 
Waste activated sludge was from the Hiagari wastewater treatment plant in Kitakyushu, Japan. 
The sludge was washed three times using distilled water and the supernatant was discarded after 
centrifugation at 8000g for 10 min. The total solid content in the washed sludge was adjusted to 
5 % (wet sludge pellet, w/v) with distilled water prior to the preparation of inoculum (enriched 
methanogen). The characteristics of 5 % (w/v) raw sludge are presented in Table 5.1. 
 
5.2.2 Inoculum preparation (Inoculum enriched methanogens) 
 
The total volume of 30 mL 5 % (w/v) waste activated sludge was filled in the tightly crimped 66 
mL serum vials. The serum vials were sparged with N2 for 5 min to provide an anaerobic 
condition prior to the fermentation at 37 °C with shaking at 120 rpm. Methane produced was 
monitored daily. To enrich the bacterial culture for methanogen in the samples, the inoculum was 
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prepared over 40 days by periodically being sparged with N2 every 4 days. This step eliminates 
trace methane from WAS itself and provides anaerobic conditions for the indigenous 
microorganisms that are responsible for carbon utilization in the sludge. Then, the N2 was 
replaced by H2 and the same procedure was conducted until no methane was detected in the vials.  
In order to remove any residual CO2 present in the headspace and liquid of the vials, which can 
contribute to methane production, the vials were further sparged with H2 every 4 days for about 
10 days until no methane was detected. Therefore, the enriched methanogen procedure takes 
about 50 days (Figure 5.1) indicating that the activated sludge in the vials contained 
methanogens without substrates for further methane production from WAS itself. The prepared 
sludge is used as an inoculum of enriched methanogen for the subsequent experiments. The 
characteristic of sludge after inoculum preparation (enriched methanogen) was presented in 
Table 5.1. 
 
 
Figure 5.1: Time-courses profile of methane yield during enriched methanogens preparation of 
waste activated sludge. N2 sparging start for the first 36 days with 4 days interval while H2 
sparging start on 40 days with 4 days interval for 50 days. 
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Table 5.1: Characteristics and solid removal efficiencies of raw sludge and inoculum enriched 
methanogens culture after 50 days. 
 Unit Raw sludge Inoculum enriched 
methanogens 
pH - 6.3 9.2 
Total carbohydrates mg/l 555 ± 3 238 ± 3 
Total protein  mg/l 537 ± 8 238 ± 8 
Total COD mg/l 808 ± 8 163 ± 5 
Removal efficiency    
Total solid % - 36.1 ± 0.2 
Total volatile solid % - 39.52 ± 0.02 
Average ± std dev 
 
5.2.3 Methane assay 
 
Different sets of 66 mL serum vials with 30 mL of enriched methanogens were sparged with N2 
(control), H2, CO2, and the mixture of H2 and CO2 (4:1) for 5 min. All gases were purchased 
from Kifune Shoji Co., Ltd, Japan. Each experiment was conducted in triplicates. Methane 
production assay was conducted in an incubator shaker at 37 °C, 120 rpm. Biogas was monitored 
daily by gas chromatograph as mentioned below. 
 
5.2.4 Confirmation of 13CH4 from 13CO2 
 
The confirmation that 13CH4 was produced from 
13CO2 was determined by sparging the mixture 
of H2 and 
13CO2 (4:1) for 2 min to the 30 mL enriched methanogen inoculum in 66 mL serum 
vials. The control vial was filled in with autoclaved enriched methanogens and sparged with the 
mixture of H2 and 
13CO2. All vials were incubated at 37 °C at 120 rpm as stated in the methane 
assay. 13CH4 production was analyzed by determination of 
13C/12C ratio of the headspace of the 
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vials by Stable Isotope Ratio Mass Spectrometer (SIRMS) as described by Wang et al (Wang et 
al., 2013) 
 
5.2.5 Analytical method 
 
A 50 µl of gas from the headspace of the fermentation vials were analyzed by gas chromatograph. 
Methane and carbon dioxide gas were analyzed by a GC-3200 gas chromatograph (GL Sciences, 
Japan) while hydrogen was measured by a 6890-N gas chromatograph (Agilent Technologies, 
Glastonbury, CT) equipped with thermal conductivity detector as described in Chapter 2. The 
measurement of organic acids was conducted by high performance liquid chromatography 
(Shimadzu LC-10AD) (Mohd Yusoff et al., 2012). pH was measured by a AS ONE compact pH 
meter, AS-211 (Horiba Ltd, Kyoto, Japan). Total COD was measured using COD measuring unit 
(COD-60A, TOA-DKK, Japan) according to the manufacturer protocol. The protein and 
carbohydrates measurement was according to the Lowry method and phenol-sulfuric acid 
method, respectively (Lowry et al., 1951; Masuko et al., 2005). Total solid and volatile solid 
were measured according to the Standard Method for Water and Wastewater, APHA (APHA, 
2005). 
 
5.2.6 Total RNA extraction, cDNA synthesis and quantitative RT-PCR 
 
Prior to the total RNA extraction, sludge pellet was collected from raw sludge as well as 
inoculum enriched methanogen. A 10 mL of sludge was added in 2 mL RNA later buffer 
(Ambion, Cat#AM7020) in RNAse free falcon tube before centrifugation at 13,000 rpm for 2 
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min at 4 °C. The supernatant was discarded and the pellet was dissolved with 1 mL RNA later 
buffer. The mixture was immediately transferred in 2 mL screw capped tubes before 
centrifugation at 13,000 rpm for 1 min. The pellet was immersed in dissolved dry iced with 
ethanol for 30 s before storage at -70 °C prior to the RNA extraction. Total RNA was extracted 
by RNeasy kit (Qiagen Inc, Valencia,  CA) as described by Mohd Yusoff et al (Mohd Yusoff et 
al., 2012).  
 
cDNA was synthesized using PrimeScript RT reagent kit Perfect Real Time (TAKARA Bio Inc, 
Cat#RR037A) according to the manufacturer protocol. Five µg of total RNA was mixed with 2 
µL of 5x Prime Script buffer, 0.5 µL reverse transcriptase enzyme, 0.5 µL oligo dT primer and 2 
µL random mers in 10 µL reaction mixture. The mixture was incubated at 25 °C for 10 min and 
37 °C for 30 min followed by enzyme deactivation at 85 °C for 5 s. The cDNA was stored in -
20 °C prior to be used for quantitative real-time PCR (qRT-PCR). qRT-PCR was performed 
using StepOne Real Time PCR System (Applied Biosystem) with primers and probe as listed in 
Table 2. The real time PCR mixture of 20 µL was prepared by mixing of 100 ng of cDNA in 10 
µL Taqman Fast Advance master mix (Life Technologies, Cat#444455), 0.34 µL Taqman probe 
(11.8 µM), and 0.72 µL each primer (25 µM). Each template cDNA was analyzed in triplicates. 
The three steps of PCR amplification was done by UNG incubation at 50 °C for 2 min followed 
by polymerase activation at 95 °C for 20 min. The 40 cycles of annealing and extension was 
done at 95 °C for 1 s and 60 °C for 20 s, respectively. The construction of standard curve 
targeting universal bacteria was by Escherichia coli BW25113 that was derived from Yale Coli 
Genetic Stock Center (USA). The standard curve targeting archaea was done with the mixture of 
Methanosarcina barkeri (JCM 10043) and Methanobacterium formicicum (JCM 10132) derived 
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from Japan Collection of Microorganism. Genomic DNA was extracted from each pure culture 
by Ultra Clean Microbial DNA Isolation kit (MOBIO, Cat#12224) prior for amplification in real 
time PCR using the primer sets in Table 5.2. The slope and intercept values for universal 
bacterial primer and archaea primer were calculated by plotting CT values against logarithm of 
template DNA copy number (Nadkarni et al., 2002). The slope and intercept values was 
indicated in Table 5.3. The calculation of copy number based on DNA concentration was 
according to Lee et al (Lee et al., 2008a).  
 
Table 5.2: Primer and probe sets used in qRT-PCR 
 
Target 
group 
Primer 
or 
probes 
Sequences (5’-3’) E. coli 
numbering 
Product 
size (bp) 
Reference 
Universal 
bacteria 
Forward TCCTACGGGAGGCAGCAGT 331-349 466 (Nadkarni 
et al., 
2002) 
Reverse GGACTACCAGGGTATCTAAT
CCTGTT 
772-797 
Probe  CGTATTACCGCGGCTGCTGG
CAC 
506-528 
Universal 
Archaea 
Forward ATTAGATACCCSBGTAGTCC 787-806 273 (Lee et al., 
2008a) Reverse GCCATGCACCWCCTCT 1044-1059 
Probe  AGGAATTGGCGGGGGAGCAC 9915-934 
 
 
Table 5.3: Real-time PCR standard curve using universal bacteria and archaea set. 
Parameter Universal bacteria set Universal archaea set 
Linear range (copy µL-1) 2.1 x 106 - 2.1 x 1011 2.5 x 106 – 2.5 x 1011 
Slope -3.71 -3.55 
R2 of slope 0.994 0.998 
Intercept 54.731 53.082 
Source strains Escherichia coli BW25113 Methanobacterium formicicum and 
Methanosarcina barkeri 
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5.2.7 High-throughput 16S rRNA sequencing 
 
DNA extraction was done using PowerSoil DNA Isolation kit (MO BIO Laboratory Inc, 
Cat#12800-50). The V6 region of archaeal 16S rRNA genes was amplified using the primer pair: 
illumina adaptor-linker (AG)-barcode-958F (5’-AAT TGG ANT CAA CGC CGG-3’) and an 
equal mixture of 1048R major (5’-CGR CGG CCA TGC ACC WC-3’) and 1048R minor (5’-
CGR CRG CCA TGY ACC WC-3’) (http://vamps.mbl.edu/resources/primers.php). Each sample 
is tagged with a unique 8 bp barcode. The PCR reaction mixture (25 μL) contained 20~50 ng 
DNA template, 1 × TransStart® FastPfu buffer (TransGen, Beijing, China), 0.25 mM dNTPs, 2 U 
of TransStart® FastPfu DNA Polymerase (TransGen) and 0.3 μM of each primer. PCR were 
performed under the following conditions: 94°C for 5 min, followed by 35 cycles of 94°C for 20 
s, 57°C for 30 s, and 72°C for 30 s, and a cycle of 72°C for 5 min. Each sample was amplified in 
triplicate, pooled and purified using the MinElute Gel Extraction Kit (Qiagen, Valencia, CA, 
U.S.A). The concentration of amplicon was measured in duplicate using Quant-iT dsDNA HS 
assay kit (Molecular Probes, Sunnyvale, CA, U.S.A). All amplicons were mixed in equimolar 
concentration and sent to the Beijing Genomics Institute (Shenzhen, China). Paired-end 
sequencing (2 × 91 bp) was performed on a HiSeq 2000 instrument (Illumina Inc., San Diego, 
CA, USA). 
 
The raw paired-end reads were assembled following the barcoded Illumina PE sequencing 
(BIPES) pipeline to improve the sequencing accuracy of the reads (Zhou et al., 2011), and then 
the clean data were analyzed using Mothur v1.31 (Schloss et al., 2009) and QIIME v1.7.0 
(Caporaso et al., 2010). The reads shorter than 50 bp or longer than 90 bp were discarded, and 
any read containing ambiguous bases (N) or incorrect barcode or primer sequences was also 
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excluded from further analysis. The potential chimeras were removed using UCHIME. The 
remainder of the reads were clustered into operational taxonomic units (OTUs) using an open-
reference OTU picking pipeline, where reads were clustered against the Greengenes database 
v13_8 (DeSantis et al., 2006), and any read that failed to match a reference sequence was 
subsequently clustered de novo (http://qiime.org/tutorials/otu_picking.html) (the identity cutoff 
value of 97%). Singletons were excluded from the further analysis since many of them tended to 
have higher sequencing error rates (Edgar, 2013). The remaining OTUs were assigned to 
taxonomic rank using RDP Classifier with a 50% bootstrap confidence threshold (Hu et al., 
2014a). The raw sequence data were deposited into the NCBI short reads archive database under 
accession number: SRP010829. 
 
5.3 Results and Discussion 
 
5.3.1 Methanogens enrichment 
 
Figure 5.1 show the culture of 5% (w/v) WAS was subjected to methanogens enrichment process. 
The process of periodically sparging with N2 for the first 36 day and H2 starting from 40 day 
until 50 day incubation was carried out to ensure that the enriched methanogens culture was 
ready for methane production using CO2 as a sole source of carbon. Low methane production 
after 28 days in Figure 5.1 demonstrated the low available substrate content in the broth. Also, 
analysis of the inoculum after 50 days showed that the amount of carbohydrates, protein, and 
COD were reduced significantly compared to the initial raw sludge (Table 5.1). The reduced 
carbon content in enriched methanogens indicates that enriched methanogens will use supplied 
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gas such as CO2 as the main source of carbon. The reduction of fermentable sludge components 
in the enriched methanogens compared to raw sludge as shown in Table 5.1 shows that the 
microbial community in the sludge consumed the available carbon and nitrogen sources through 
50 days of anaerobic degradation for methane production (Demirel & Scherer, 2008). Thus, due 
to the limitation of carbon content in WAS, active methanogens tend to utilize another available 
substrate which supplied in a gaseous form as CO2 for methane generation.  
 
5.3.2 Methane production assay 
 
To assay the amount of methane that could be generated from CO2 by the enriched methanogens 
in the WAS, different gases (N2 as control, H2, CO2 and a mixture of H2 and CO2 with 4:1 ratio) 
were added to the enriched methanogens, and the methane yield was determined (Figure 5.2a). 
The vials sparged with both H2 and CO2 gave the highest methane yield which was as high as 70 
fold greater than the other treatments (after 3 day). During 14 day of anaerobic incubation, the 
methane yield from vials sparged with H2 and CO2 was stable and increased up to 189 ± 2 µmol 
mg-1L-1 TS from 34 ± 7 µmol mg-1L-1 TS after 3 day of incubation.  
 
The increase in methane yield was corroborated by the reduction of CO2 and H2 in the vials after 
sparging with H2 and CO2 (Figure 5.2b). The vials sparged with H2 and CO2 showed complete 
reduction of CO2 and H2 after 4 days and 8 days, respectively. However, no reduction of H2 was 
seen in the vials sparged with only H2 (Data not shown). Hence, the methane generated was due 
to the activity of the hydrogenotrophic methanogens which require CO2 as the source of carbon 
and H2 as a reducing agent for methane production (Kim et al., 2013). Although the reaction of 
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4H2 + CO2 → CH4 + 2 H2O is known as methane generation pathway from power sources 
(Müller et al., 2013), Kim and colleague found that the ratio of H2 to CO2 of 2 to 1 also have the 
potential for producing methane (Kim et al., 2013). In WAS, H2 might come from WAS itself 
due to the complex microbial community and structure in WAS. Thus, H2 can act as a source of 
reducing agent in this reaction with minimal spiking of H2 gas to stimulate CO2 sequestration by 
methanogens.  
 
Mayumi and colleague indicates that CO2 usage have the potential to reduce 20% of future 
global CO2 emission (Mayumi et al., 2013). In line with our study, we aim mostly to recover 
CO2 from greenhouse gases for CH4 productions at mesophilic temperature that demonstrate 
application at environmental condition. This study also proved that no remarkable potential of 
methane production when CO2 was not supplemented in the vials. This result showed that the 
active methanogens cannot produce methane in the absence of carbon source (Figure 5.2a). Thus, 
CO2 is the main sources of carbon in influencing methane production in this study. 
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Figure 5.2: (a) Time courses profile of methane yield with different supplemented gas as a 
substrate. (b) The reduction ratio of H2 and CO2 in the enriched methanogens supplemented by 
the mixture of H2 and CO2. 
 
(a) Methane yield after sparging with different gases such as N2 as control, H2, CO2 and the 
mixture of H2 and CO2. The headspace of control vials (first sparge with N2) was replaced with 
the mixture of H2 and CO2 after 10 days of incubation. The headspace was sparged back with N2 
during 19 days of incubation. (b) H2 and CO2 reduction ration in the vials supplemented with H2 
and CO2. 
 
 
 
 
 
88 
 
5.3.3 Confirmation of CH4 from CO2 
 
In order to confirm that the enriched methanogens use H2 and CO2 supplemented to the vials to 
produce methane, the head space of some of the control vials that were initially sparged with N2 
was replaced by a mixture of H2 and CO2 after 10 days of incubation (Figure 5.2a). The methane 
yield increased simultaneously after addition of H2 and CO2, while no methane was detected with 
N2 sparging during this timeframe. Methane production increased to 67 µmol mg
-1L-1 TS after 7 
days of sparging with the mixture with H2 and CO2. Although methane production is lower (67 
µmol mg-1L-1 TS) compared to the sparging with H2 and CO2 at the beginning of fermentation 
(180 µmol mg-1L-1 TS), it was shown that the methanogens can drastically produce methane after 
CO2 was being introduced in the fermentation vials. After 9 days of sparging with the mixture of 
H2 and CO2, the headspace of the control vials was then replaced back with N2. Directly without 
CO2 sources in the vials, no methane yield can be observed when the headspace of the vials was 
replaced with N2 (Figure 5.2a). Therefore, these results demonstrate that the methanogens 
require additional carbon and hydrogen sources for methane production. 
 
Another set of experiments was carried out to prove that the methane production was from the 
supplemented CO2. The enriched methanogens and autoclaved enriched methanogens (control) 
in different vials were sparged with a mixture of H2 and 
13CO2 to analyze the production of 
13CH4 from 
13CO2. Figure 5.3 shows that the percentage of 
13C/12C of the headspace of methane 
obtained from the enriched methanogens vials was 77 (atom %) 13C/12C. Hence, the 13CH4 that 
was produced by the methanogens was from the microbial conversion of 13CO2.  
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Figure 5.3: Relative abundance of 13C/12C in CH4 from the control and inoculum enriched 
methanogens sparged with the mixture of H2 and 
13CO2. 
 
 
5.3.4 Soluble metabolites and pH 
 
Figure 5.4 shows the organic acids and pH profile for 0 (Figure 5.4a), 11 (Figure 5.4b) and 25 
days (Figure 5.4c) of methane production after sparged with different gases. No changes in 
acetate concentrations were found in the vials sparged with both H2 and CO2 which shows that 
the methane production was from the H2 and CO2 in the headspace (Figure 5.2b). Also, the slight 
formate consumption did not contribute much to the evolved methane in the vials sparged with 
the mixture of H2 and CO2. Furthermore, the vials sparged with only N2 and H2 showed no 
increment of acetate and no significant reduction of formate which is in agreement with the lack 
of methane evolution.  
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Figure 5.4: Organic acids and pH profiles during (a) 0 day, (b) 11 day and (c) 25 day after 
sparging with different gases. 
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The vials sparged with CO2 produced more acetate from 6.1 ± 0.4 mM to 15 ± 2 mM from over 
the 11 days of incubation (Figure 5.4b). Figure 5.2a shows that the vials sparged with CO2 
started to produce methane after 18 day of anaerobic incubation. The result indicate that the vials 
sparged with CO2 tended to produced acetate after 11 days might be due to reducing power left 
in the sludge that potentially degraded by microorganism in the sludge. Acetate production in the 
enriched methanogens sparged by CO2 might be due to Wood /Ljungdhal pathway (also known 
as CO dehydrogenase/acetyl-CoA synthase pathway)  directed by acetogens and several 
anaerobic microbes that are very diverse in sludge and employ the complex degradation pathway 
(Dolfing et al., 2008; Hattori, 2008). Then, the acetate was used by the acetoclastic methanogens 
for methane production (Lee et al., 2008a). Methane production starting from day 18 until day 25 
of incubation in the vials sparged with CO2 (Figure 5.2a) was significant to the reduction of 
acetate concentration from 11 day and 25 day of incubation (Figure 5.4b and c).  
 
Sparging of only CO2 and the mixture of H2 and CO2 gas resulted in low pH and higher 
isobutyrate formation as indicated in Figure 5.4a. The supplementation of the mixture of H2 and 
CO2 in the vials resulted in pH decreased to 7.9 (Figure 5.4a). However, the pH was increased to 
8.8 during 25 days of incubation due to the complete CO2 utilization in the vials (Figure 5.2b). 
The CO2 sparging influence low pHs condition and undissociated acid formation as reported by 
Peterson and Daugulis (Peterson & Daugulis, 2013). The low pH in the vials sparged with CO2 
was due to the carbonic acid (H2CO3) formation when CO2 is dissolved in water (Peterson & 
Daugulis, 2013). In addition, CO2 was also supplemented in industry to neutralized pH in 
alkaline wastewater (Choi et al., 2003). Thus, low pH in CO2 vials was due to saturated CO2 
supplementation in the vials that influence carbonic acid formation (Peterson & Daugulis, 2013). 
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Furthermore, CO2 injection in water could produce hydrogen ion corresponded to low pH 
through reaction of CO2 (g) + H2O (aq) ↔ H2CO3 (aq) ↔ H+ + HCO3- (aq) ↔ 2H+ + CO32- (aq) (Riebesell, 
2004). Hydrogen ion produced could be the electron donor for methane evolution in vials 
supplemented with only CO2 gas through reaction of 4H2 + CO2 → CH4 + 2 H2O (Figure 5.2a). 
Slow rate of CH4 evolution was also detected when only CO2 was supplemented in the vials. 
Figure 5.4c shows that CO2 supplementation resulted in significant acetate and isobutyrate 
formation in which both metabolites are utilized by aceticlastic methanogens such as 
Methanosarcinaceae (Liu & Conrad, 2011; Schulman et al., 1972). This process resulted in CH4 
evolution in the vials sparged only with CO2 (Figure 5.2a). The condition in CO2 vials favor for 
the growth of acidogenic microorganisms in which they can grow at low pH (5.2-6.5) for acetate 
and isobutyrate formation (Montero et al., 2009). Then, Methanosarcinaceae which comprise of 
30% out of the total archaea population in inoculum enriched methanogens (Figure 5.6) act to 
utilized acetate in CO2 vials for methane production (Demirel & Scherer, 2008). The exergonic 
thermodynamics equation of CH3COO
- + H2O → CH4 + HCO3- (∆G° = -31 kJ/mol) was derived 
from the activity of aceticlastic methanogens which directed CH4 energy production from acetate 
utilization (Hattori, 2008). This finding can be used for further investigation by using enriched 
aceticlastic methanogens to convert CO2 for acetate and methane production. 
 
5.3.5 Microbial community analysis 
 
Different sets of universal primers and probes targeting bacteria and Archaea were used in order 
to evaluate active bacteria and archaeal species in the raw sludge and in the inoculum with the 
enriched methanogens as indicated in Table 5.2. Figure 5.5 shows the quantitative changes of 
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bacterial and archaeal population in raw sludge and inoculum enriched methanogens. The 
significant different was found for bacterial and archeal population between raw sludge and 
inoculum enriched methanogens. The bacterial population dominated the Archaea in raw sludge 
(4.02 x 1010 rRNA gene copies mL-1vs. 6.28 x 108 rRNA gene copies mL-1). In contrast, the 
archaeal population was drastically increased in the inoculum enriched methanogens to 4.64 x 
1013 rRNA gene copies mL-1 while the bacterial population dropped to 1.08 x 109 rRNA gene 
copies mL-1. The increased in the archaeal population after enrichment shows that the culture 
was dominated with methanogens which ready to use supplemented gases as a substrate for CH4 
production. Thus, CH4 evolution from supplemented CO2 was proved the assimilation of CO2 by 
enrichment of WAS in anaerobic condition. 
 
 
Figure 5.5: Quantitative changes of active bacterial and archaeal population in raw sludge and 
inoculum enriched methanogens by qRT-PCR. 
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In order to determine more details about the composition of the microbial community in the 
enriched inoculum, microbial community analysis was determined by Illumina high-throughtput 
16S rRNA sequencing. The raw sludge was compared to enriched methanogens inoculum after 1 
day of sparging with N2, H2 and the mixture of H2 and CO2. Overall, a total of 221,349 high-
quality reads were obtained with an average of 73783 ± 22582 reads per sample. Figure 5.6 
shows the relative abundance of the archaeal taxa from the high-throughput sequencing. The 
results show that raw sludge is comprised of different types of archaeal phylotypes. However, 
after 1 day of sparging of N2, H2 and the mixture of H2 and CO2, the archaeal population 
dominated with Methanobacteriaceae, Methanospirillaceae and Methanosarcinaceae family. 
The Methanosarcinaceae family increased after 1 day sparging in the vials sparged with N2 
(31 %), H2 (54 %) and the mixture of H2 and CO2 (36 %) when compared to raw sludge (13 %). 
The increment of Methanobacteriaceae out of the total archaeal population increased from 9.3 % 
in raw sludge to 22.4 %, 43.3 % and 32.5 % in the H2, N2 and the vial with the mixture of H2 and 
CO2, respectively. Methanospirillaceae was also abundant in all vials (especially in the vial 
sparged with H2 and CO2) which indicate that hydrogenotrophic methanogens were actively 
growing in the H2 and CO2 environment; i.e., methanogens that grow on H2/CO2 and formate 
(Demirel & Scherer, 2008; Sakai et al., 2012). The other microbial taxa in the raw sludge and 
sludge after 1 day of sparging with different gases were also dominated by other 
hydrogenotrophic methanogens such as Methanobacteriaceae, Methanospirillaceae, 
Methanoregulaceae, Methanocorpusculaceae and Methanobacteriales. Other hydrogenotrophic 
methanogens such as Methanoregulaceae, Methanocorpusculaceae and Methanobacteriales 
were presented in the raw sludge but their population decreased after sparging with N2, H2 and 
the mixture of H2 and CO2. In the overall microbial community analysis from Figure 5.6, raw 
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sludge contained a mixture of different archaeal phylotypes but the community shifted to a 
dominant archaeal family comprised of Methanobacteriaceae, Methanospirillaceae and 
Methanosarcinaceae in the vials after 1 d of sparging with N2, H2 and the mixture of H2 and CO2. 
The hydrogenotrophic methanogens in all samples was about 64 to 87 % which indicates the 
dominant of methanogens to grow in H2/CO2 environment. Thermodynamic of hydrogenotrophic 
methanogens by the reaction of 4H2 + CO2 → CH4 + 2H2O (∆Go = -130.7 kJ/reaction) was 
proved by that hydrogenotrophic methanogens was proved to be more active at higher CO2 
pressure (Mayumi et al., 2013).  
 
Thus, the use of biological reactor such as CSTR could be used for our process by 
supplementation of high CO2 pressure with intermittent spiking of H2 for methane production. In 
this study, we demonstrated that active archaea accumulate in the inoculum by using a qRT-PCR 
analysis. Furthermore, complete CO2 utilization shows that hydrogenotrophic methanogens 
grown actively on H2/CO2 environment to produce methane. Thus, this study can be one of the 
promising strategies to sequester CO2 in the environment. In the appropriate manner, CO2 and 
CH4 can also be trapped for other hydrocarbon fuels and chemicals production. Although WAS 
is from the process of aerobic wastewater treatment system, this system generates a lot of excess 
sludge. The archaeal community was actively detected in WAS that was subjected to anaerobic 
conditions. Thus, this research can be further investigated using the advantage of anaerobic 
sludge for CO2 sequestration. 
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Figure 5.6: Relative abundance of dominant archaeal taxa in raw sludge and inoculum enriched methanogens after sparging with N2, 
H2 and the mixture of H2 and CO2. Results derived from high-throughput 16S rRNA sequencing. Minor phyla accounting for <0.5% 
of total sequence are summarized in group ‘other’.
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5.3.6 Economic value and potential 
 
Due to increasing interest in CO2 sequestration, many attempts have been made to utilize CO2 for 
methane or electricity production. Of course CO2 sequestration for energy production has a 
positive impact on the environment and has favorable economics. Table 5.4 shows the overall 
process (inputs and outputs) for methane production in this study using sludge enriched in 
methanogens and after sparging with different gases (CO2 sequestration). Initial methane gas 
generated during the enrichment process for the methanogens was 0.3 L CH4/L from sequential 
sparging with N2 or H2. During this process, N2 gas sparged for the first 10 injection with 0.05 to 
0.06 L N2 per each injection, followed by three H2 injections (Figure 5.1). The sparging of both 
N2 and H2 generated methane worth $ 4.16-17.13/L by different categories of the US EIA data in 
2014 (EIA, 2014).  
 
In contrast, after sparging with different gases to investigate CO2 sequestration, 0.5 g/L of WAS 
generates 0.3 L CH4/L of enriched methanogens in 10 days of incubation after sparging with the 
mixture of H2 and CO2 (Table 5.4). Meanwhile, sparging with only CO2 gas generated 0.05 L 
CH4/L of enriched methanogens in 25 days of incubation (Table 5.4). Throughout the process, 1 
mol of CO2 generated 1 mol of CH4 in the headspace of the vials. With a proper handling and 
control, the enriched methanogens after CO2 sequestration can be used in a repeated batch 
operation or in a continuous system for methane production due to the consistent ability of the 
enriched methanogens to utilize CO2 as well as to produce methane. Thus, no waste from the 
WAS is generated from this system. Also, fermentable components in the WAS were reduced 
during preparation of the enriched methanogen inoculum. Hence, the overall process yields a 
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significant credit in terms of reducing WAS volume, as well as of course credits in term of CO2 
sequestration and energy production.  
 
Table 5.4: Summary of methane production in the enriched methanogen preparation and after 
different gases were injected into the enriched methanogens (CO2 sequestration). 
 
 Enriched methanogen preparation CO2 sequestration 
 Input Output Input Output  
WAS 50 g/L (no cost) Enriched methanogens as catalyst for CO2 
sequestration 
na 
N2  ~ 0.05-0.06 L per 
injection (Cost: 
$ 0.06/L) 
(McChesney, 
2005) 
Methane gas (0.3 L/L 
enriched methanogens) 
(CH4 price:  
$ 4.16-17.13 /L) 
(EIA, 2014) 
~ 0.05-0.06 L per 
injection 
Organic acids 
H2 ~ 0.05-0.06 L per 
injection (Cost: 
$ 3-6/L) 
(Bromaghim et 
al., 2010) 
Methane gas (0.3 L/L 
enriched methanogens) 
~ 0.05-0.06 L per 
injection 
Organic acids 
H2:CO2 
(4:1) 
- - ~ 0.05-0.06 L per 
injection 
Methane gas (0.3 
L/L enriched 
methanogens) 
and organic acids 
CO2 - - ~ 0.05-0.06 L per 
injection (Cost: 
$ 1/L) (Huang et 
al., 2014) 
Methane gas 
(0.05 L/L 
enriched 
methanogens) and 
organic acids 
(mainly 
isobutyric) 
na: not available 
 
To understand the economic value and potential of this proposed system, a comparison of this 
process with other processes for utilization of CO2 for energy production was made and the 
results are shown in Table 5.5. The comparison shows the advantages and disadvantages of each 
technology. An advantage of the biological approach is that a thermal and electrical energy input 
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are not required. However, other techniques such as enhanced coal-bed methane production with 
CO2 injection (CO2-ECBM) and integrated gasification combined cycle (IGCC) require high 
energy inputs. A few studies also reported the catalytic process of H2O-CO2 co-electrolysis in 
solid oxide electrolysis cells for convert carbon to methane (C (s) + 2H2 → CH4) that also 
required a high energy input (550-750°C) (Li et al., 2013). Biological methane production from 
CO2 and H2 is by the chemolitotrophic activity of microorganisms. For example, Bajón 
Fernández et al. (Bajón Fernández et al., 2014) reported improved methane production in a 
digester containing food waste and sewage sludge supplied with saturated CO2. However Bajón 
Fernández et al. (Bajón Fernández et al., 2014) did not show significant evidence for methane 
production from CO2 sequestration.  
 
The energy produced by the biological process shows methane production per volatile solids 
based on the biomass inoculated into the system. This study shows the great potential of 
generating methane (227 mL CH4/g VS in vials sparged with a mixture of H2 and CO2, and 128 
mL CH4/g VS in vials sparged with CO2), when compared to other biomass feedstocks such as 
food waste supplemented with CO2 (195 mL CH4/g VS) (Bajón Fernández et al., 2014). Even 
though biological methods do not require much capital due to the use of microorganism to 
sequester CO2, this method requires long incubation period for methane production (from 3 to 25 
days) as indicated in Table 5.5. 
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Table 5.5: Economic comparison between processes for sequestering CO2. 
 
Treatment Biological Others 
This study CO2 injection into 
biomass 
CO2-ECBM IGCC 
Thermal or 
electrical 
energy input 
No thermal or electrical energy were 
used 
Energy used for 
pressurizing 
CO2 
Thermal energy 
used for the 
360°C heat 
exchanger and 
for the 1300°C 
turbine inlet 
temperature 
CH4/electrical 
energy 
production 
*227 mL CH4/g 
VS in vials sparge 
with H2 + CO2) 
*128 mL CH4/g 
VS in vials sparge 
with CO2 
195 mL CH4/g VS 
(in food waste + 
CO2) 
30 
MMcf/month 
Electrical energy: 
3647 GWh/year) 
Fuel 
consumption 
H2 (in vials sparge 
with H2 and CO2) 
No Coal required 
By -products Organic acids 
(isobutyric acid in 
vials sparged with 
CO2) 
na na solid sulphur, 
ash, SOx, NOx 
CO2 reduction 
efficiency 
77% na na 85-97% 
Time 
consumption 
for 
biogas/electric 
production 
~ 3-10 days (H2 + 
CO2) and 25 days 
(CO2) 
~ 10 days Monthly 
injected CO2 
depended on 
market demand 
nd 
References This study (Bajón Fernández 
et al., 2014) 
(Huang et al., 
2014) 
(Chen et al., 
2012; Pettinau et 
al., 2012) 
na: not available 
 
The economic value and potential from Table 5.5 shows that this study can be seen as one of the 
methods for CO2 reduction with 77% 
13CH4 conversion from 
13CO2. This study can be applicable 
in industries due to its ability to sequester CO2 for methane production without the requirement 
of high cost technology and high energy input. Therefore, methane energy produced by 
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microorganisms has great economic potential with a significant contribution to the improving the 
environment via CO2 sequestration. 
 
5.4 Conclusion 
 
Biological methane production from CO2 sequestration by enriched methanogens from waste 
activated sludge (WAS) was demonstrated in this study. This approach appears to be reasonable 
to mitigate global warming. The WAS that was dominated by an active bacterial community was 
changed to an active archaeal community after the enrichment for methanogens as demonstrated 
by quantitative real time PCR (qRT-PCR). The diverse community of Archaea in the raw WAS 
then dominated by hydrogenotrophic and acetoclastic methanogens such as members of the 
Methanobacteriaceae, Methanospirillaceae and Methanosarcinaceae family in the enriched 
methanogen culture as demonstrated by high-throughput sequencing. Methane was not produced 
without CO2 supplementation to the enriched methanogens due to the lack of available carbon 
for the archaeal community, and the carbon in the methane was shown to come from utilization 
of the CO2 based on the use of 
13CO2. Therefore, application of this research can contribute to 
improving the environment by reducing the greenhouse gas CO2. 
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CHAPTER 6 
METHANE PRODUCTION FROM SEAWATER BY METHANOGENS IN WASTE 
ACTIVATED SLUDGE 
 
6.1   Introduction 
 
The ocean covers about 71% of Earth’s surface as well as 97% of Earth water (NOAA). Ocean 
contains many things including dissolve materials and ions, microorganism, and dissolve gases 
including dissolved CO2. Due to increase in atmospheric CO2 level, CO2 dissolved in seawater 
could reduce pH level and cause serious ocean acidification due to carbonic acid, bicarbonates 
and carbonates ion accumulation in seawater (Hoegh-Guldberg et al., 2007). Thus, ocean is the 
biggest carbon pool on the Earth surface (Falkowski et al., 2000). 
 
Many attempts have been done to produce methane using algae from ocean (Lu et al., 2013) as 
well as methane production in the deep ocean basin taking the advantage of coral reefs  and 
marine sediment that contain available carbon and archaea community (de Putron et al., 2011; 
Mayumi et al., 2013; Waldron et al., 2007). However, to the best of our knowledge, no studies 
have been carried out for methane production by seawater sampled at the ocean surface by taking 
advantage of CO2 absorption and carbonic acid accumulation. This is due to the salinity 
constraints that affect methanogens activity in seawater (Waldron et al., 2007). Thus, in this 
study, we aim to prove methane production by available carbon sources in seawater by enriched 
methanogens from WAS. The seawater also provides advantage of metal ion available in 
seawater that can help methanogens activity and growth. The methane energy production from 
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seawater sources could help to improved renewable energy alternative, neutralized ocean 
acidification impact, as well as profitable strategy for energy generation using abundance amount 
of seawater.  
 
6.2   Materials and methods 
 
6.2.1   Enriched methanogens preparation 
 
The total solid content in the washed sludge was adjusted to 5 % (wet sludge pellet, w/v) with 
distilled water prior to the preparation of inoculum (enriched methanogen). Enriched 
methanogen was prepared as described in Chapter 5 (Section 5.2.2).  
 
6.2.2   Methane production at different pH and NaHCO3 concentration. 
 
Different NaHCO3 concentrations (0.05M, 0.1M, 0.2M and 0.3M) were adjusted to different pH 
(6, 7, 8 and 9). Five ml of enriched methanogens were subjected to 25 ml of various NaHCO3 
concentrations with different pH in the independent 66 ml tightly crimped serum vial. The vials 
were purged with nitrogen gas for two minutes to removed dissolved oxygen in the vials 
followed by hydrogen sparging for another two minutes as a reducer for methane production. 
The vials were incubated at 37°C at 120 rpm and methane compositions in the headspace of vials 
were measured by gas chromatograph until 15 days. The same initial pH and concentration of 
NaCl were applied as a control experiment. 
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6.2.3   Artificial seawater preparation. 
 
Artificial seawater was prepared according to Dana et al (Dana et al., 1967). The formula for 
35% salinity of artificial seawater was presented in Table 6.1. 
 
Table 6.1: Formula for 1kg of 35% artificial seawater (Source: Dana et al., 1967). 
A. Gravimetric salts 
Salt Molecular weight g/L of solution 
NaCl 58.44 23.926 
Na2SO4 142.04 4.008 
KCl 74.56 0.677 
NaHCO3 84.00 0.196 
KBr 119.01 0.098 
H3BO3 61.83 0.026 
NaF 41.99 0.003 
B. Volumetric salts 
Salt Molecular weight moles/L of solution 
MgCl2.6H2O 203.33 0.05327 
CaCl2.2H2O 147.03 0.01033 
SrCl.6H2O 266.64 0.00009 
 
 
6.2.4 Confirmation of 13CH4 from NaH
13CO3. 
 
To elucidate that methane was come from carbonate ion in seawater, two sets of experiments 
were conducted using carbon isotope (13C). The first experiment was conducted using only 0.196 
g/L NaH13CO3. Meanwhile, the second experiment was conducted using artificial seawater with 
NaH13CO3 according to Dana et al (Dana et al., 1967) (Table 6.1). Both experiments were 
inoculated with 15 mL of active enriched methanogens from WAS. The control was prepared by 
inoculation of autoclaved enriched methanogens. The vials were sparged with nitrogen for 2 
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minutes and hydrogen for another 2 minutes. The vials then were incubated at 37°C with shaking 
at 120 rpm. 13CH4 production was analyzed by determination of 
13C/12C ratio of the headspace of 
the vials by Stable Isotope Ratio Mass Spectrometer (SIRMS) as described by Wang et al (Wang 
et al., 2013). 
 
6.2.5   Seawater sampling source 
 
Seawater was taken from different places in (i) Port Dickson, Negeri Sembilan, Malaysia (May 
1st, 2014), (ii) Ashiya, Kitakyushu, Japan (April 21st, 2014) (iii) Hibikinada, Kitakyushu, Japan 
(April 21st, 2014) and (iv) Tsunoshima, Yamaguchi, Japan (August 13th, 2014). The 
characteristic between pH and metals ion in different seawater were presented in Table 6.2. 
 
Table 6.2: Characteristics of different seawater sources. 
Seawater 
characteristics 
Seawater sources 
Artificial 
seawater 
Port Dickson, 
Malaysia 
Ashiya, Japan Hibikinada, 
Japan 
Tsunoshima, 
Japan 
pH 7.8 8.2 8.45 8.0 8.1 
Metals ion (mg/L) 
Na+ 10749 ± 766 9950 ± 71 9650 ± 495 10300 ± 99 9200 ± 82 
Mg2+ 133 ± 9 270 ± 0 280 ± 28 275 ± 21 270 ± 0 
S+ 150 ± 14 110 ± 14 130 ± 14 119.95 ± 0.08 110 ± 14 
Ca2+ 103 ± 23 98 ± 3 105 ± 7 99.996 ± 0.006 100 ± 5 
K+ 260 ± 7 155 ± 14 168 ± 25 170 ± 7 145 ± 0 
Br- 40 ± 0 61 ± 14 37 ± 9 23 ± 9 30 ± 0 
Sr2+ 4 ± 0 3.7 ± 0.8 4.2 ± 0.1 4.1 ± 0.1 3.3 ± 0 
B 1.6 ± 0 2.4 ± 0.2 2.65 ± 0.07 2.5 ± 0 2.3 ± 0 
Li+ 2.5 ±0.2 2.6 ± 0.4 3.2 ± 0.2 3.0 ± 0.1 3.2 ± 0.1 
As3- nd 0.125 ± 0.007 0.14 ± 0.04 0.07 ± 0.01 0.09 ± 0 
Tl+ nd 0.12 ± 0 0.08 ± 0 0.165 ± 0.007 0.13 ± 0 
nd: not determine 
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6.2.6   Repeated batch for methane production from seawater. 
 
Methane production was conducted in two repeated batch system. Fifteen mL of enriched 
methanogens were centrifuged at 18,000g for 10 min at room temperature (25°C). The 
supernatant was discarded and the pellet was mixed with 5 mL of distilled water prior for 
inoculation into 25 mL of seawater in a tightly crimped serum vial. The vials were purged with 
N2 gas for 2 min to provide anaerobic condition followed by H2 for 2min as a reducer for 
methane production. The vials were incubated at 37°C at 120 rpm for 20 days prior for methane 
production assay. Then, the vials were centrifuged again at 18,000g for 10 min at 25°C. The 
pellet was mixed with 5 mL of distilled water prior for inoculation into 25 mL of same seawater 
sources in the first batch in a tightly crimped serum vial. The vials were purged and incubated 
with the same condition on first batch of methane assay. 
 
6.2.7   Analytical method 
 
Methane gas measurement in the vials headspace was measured by a GC-3200 gas 
chromatograph (GL Sciences, Japan) equipped with a thermal conductivity detector as described 
in Chapter 2. pH was measured by AS ONE compact pH meter, AS-211 (Horiba Ltd, Kyoto, 
Japan). Seawater samples were filtered by 0.42 µm Minisart RC membrane filter (Sartorius 
Stedim Biotech, Germany) prior for metal ions detection by ICPS 8000 (Shimadzu Sequential 
Plasma Spectrometer) using argon as a carrier gas. The HCO3
- ion concentration was measured 
by high performance liquid chromatography (Shimadzu LC-10AD) using Shodex IC NI-424 
(4.6mmI.D. x 100mm) column with the mixture of 8 mM 4-Hydroxybenzoic acid, 2.8 mM Bis-
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Tris, 2 mM Phenylboronic acid, and 5 µM trans-1,2-Diaminocyclohexane-N,N,N’,N’-tetraacetic 
acid at flow rate of 1 mL/min at 40°C. 
 
6.2.8   Microbial community analysis 
 
DNA was extracted after first batch of methane assay from (i) control, (ii) 0.196 g/L NaHCO3, 
(iii) artificial seawater, and other seawater sources taken from (iv) Port Dickson, Malaysia, (v) 
Hibikinada, Japan, and (vi) Ashiya, Japan. 16S rRNA microbial community analysis was 
performed by DGGE. The method for DNA extraction, PCR-DGGE, DGGE, sequencing and 
band characterization were done as explained in Chapter 3 (Section 3.2.6, 3.2.7, and 3.2.8). The 
phylogenetic affiliation was carried out by multiple sequence alignment through website 
http://www.genome.jp/tools/clustalw/.  
 
6.3   Results and discussion 
 
6.3.1   Effects of different pH and NaHCO3 concentration on methane production. 
 
To elucidate that methane can be produced from carbonate sources at oceanic pH, preliminary 
study was carried out using different concentration of NaHCO3 and pH. Figure 6.1 shows the 
effects of different pH and NaHCO3 concentration on the conversion rate of methane from 
bicarbonate ion (HCO3
-) reduction. Conversion rate was calculated based on the percentage of 
methane (mol) produced from HCO3
- reduction (mol) in 15 days of fermentation. There are no 
traces methane was found in control vial when NaCl was use instead of NaHCO3 in 15 days of 
108 
 
anaerobic incubation indicates that no methane can be produced in the absence of carbonate ion. 
The enriched methanogens acted as a catalyst in the reaction to produce methane by exergonic 
thermodynamics reaction of HCO3
- + 4H2 + H
+ → CH4 + 3H2O (∆G° = -136 kJ/mol) (Schulz & 
Zabel, 2006). In this study, H2 was sparged to the vials with different pH and NaHCO3 
concentration for methane production. 
 
Many studies reported that methanogens are active in a narrow pH range between pH 6.3 to 7.8 
(Mohd Yasin et al., 2013b). Figure 6.1 shows that the highest methane conversion rate is from 
0.05 M NaHCO3 with initial pH 7 (93 ± 6 %) followed by 0.05 M NaHCO3 at initial pH 6 (70 ± 
1 %) and pH 8 (72 ± 2 %) at concentration of 0.05 M. The results indicates that methane 
production from HCO3
- reduction was optimal at initial pH 7 with lowest NaHCO3 concentration 
due to fast rate of methane production from the reduction of low carbonate ion concentration 
during 15 days of incubation. The low conversion rate was observed with increasing NaHCO3 in 
15 days might be due to slow degradation of high concentration of NaHCO3. This is derived 
from the conversion of one mol of bicarbonate ion that could produce one mol of methane as 
indicated by Schuls and Zabel (Schulz & Zabel, 2006).  
 
In this study, pH and substrate concentration shows the crucial factors on methane production. 
Methane yield was influence by active methanogens at neutralized pH (Figure 6.1b). Low 
methane yield at initial pH 6 was due to the inactivation of hydrogenotrophic methanogens under 
acidic pH (Poulsen et al., 2012; Ye et al., 2012). Meanwhile, during 15 days of anaerobic 
incubation, 93% of carbonate ion was consumed by active methanogens to produce methane at 
pH 7 (Figure 6.1b). The same trend was observed at different pH range when 0.05M NaHCO3 
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was used as a substrate. The results indicated that the lowest NaHCO3 concentration was greatly 
consumed by enriched methanogens in WAS over 15 days for methane production. The results 
indicated that there are remaining carbonate ion in the vials with higher substrate concentration 
(0.1M, 0.2M, and 0.3M) after 15 days of anaerobic incubation due to high concentration in one 
reaction that was not yet consumed in the time frame (Solli et al., 2014). 
 
This study indicated that methane production could be enhanced by the available carbonate ion 
concentration under neutral pH. Hence, we can see the potential of seawater as carbonate ion 
sources for methane production since oceanic pH is around 6 to 8 (Zeebe & Wolf-Gladrow, 
2001). Furthermore, ocean is the biggest carbon pools as well as many nuclear power stations 
was placed near the ocean basin (Falkowski et al., 2000; Kamagata & Takewaki, 2013). The 
desire in renewable resources of electricity and methane fuel can lead the further strategy using 
seawater as a source of carbon. Thus, the same method was applied in this study using different 
sources of seawater for methane production by enriched methanogens in WAS. 
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Figure 6.1: Effects of different NaHCO3 concentration on conversion rate of bicarbonate ion 
(HCO3
-) to methane at pH (a) 6, (b) 7, (c) 8, and (d) 9 during 15 days of fermentation. 
Conversion rate was calculated based on the percentage of methane (mol) derived from 
bicarbonate ion reduction (mol) in 15 days incubation. 
 
 
 
6.3.2   NaH13CO3 conversion to 
13CH4. 
 
To elucidate that methane was come from carbonate ion sources in seawater, two sets of 
experiment were conducted using carbon isotope (13C). First experiment was conducted using 
only 0.196 g/L NaH13CO3. Meanwhile, second experiment was conducted using 0.196 g/L of 
NaH13CO3 in artificial seawater (Table 6.1) (Dana et al., 1967). The control was prepared by 
inoculation of autoclaved enriched methanogens. The results obtained showed that the 
percentage of 13C/12C of the headspace of methane from the enriched methanogens vials were 
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100% and 83% from 0.196 g/L NaH13CO3 and artificial seawater with 0.196 g/L NaH
13CO3, 
respectively. This results indicates that almost all NaH13CO3 was consumed by chemolitotrophic 
activity of methanogens for 13CH4 production (Liu & Conrad, 2011). About 83 to 100% 
13CH4 in 
the headspace of the vials is equal to the initial amount of NaH13CO3. No traces 
13CH4 was found 
in control vials indicating that no reaction of carbonate ion conversion to methane occurred 
without active methanogens as a catalyst. Hence, microbial conversion of carbonate ion into 
methane was proved in this study for the application in seawater sources. 
 
 
Figure 6.2: Relative abundance of 13C/12C in CH4 from 0.196 g/L NaH
13CO3 and artificial 
seawater with NaH13CO3. 
 
 
6.3.3   Repeated batch operation. 
 
Enriched methanogens were subjected to different sources of seawater and distilled water as 
control. The tightly crimped vials were anaerobically incubated for 20 days for methane 
production. Then, the enriched methanogens adapted in high salinity of seawater were collected 
and subjected to new vials containing different sources of seawater and distilled water as control. 
Figure 6.3 shows repeated batch operation of methane production from different sources of 
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seawater. Methane production was increased in all seawater sources in all three batches of 
operation while very low methane was detected in control vials.  
 
In the first batch of methane assay, seawater from Tsunoshima, Yamaguchi, Japan shows the 
highest methane production with 300 fold different when compared to control starting from 6 
days of anaerobic incubation. The results might be due to the effect of sodium concentration in 
seawater from Tsunoshima, Japan (9200 ± 82 mg/L) that accounted to be less than other 
seawater sources as indicated in Table 6.2. High salt content in seawater could inhibit methane 
production due to slow adaptability of methanogens as reported by Patel and Roth (Patel & Roth, 
1977). However, sodium and other metals ion represented in Table 6.2 also could influence 
microbial growth or act as a nutrient sources for methane production (Chen et al., 2008). The 
second highest methane yield was observed from seawater sources taken from Port Dickson, 
Negeri Sembilan, Malaysia, followed by seawater from Ashiya, Kitakyushu, Japan. The same 
trend was observed in seawater from Hibikinada, Kitakyushu, Japan and artificial seawater 
starting from 1 day after inoculation of enriched methanogens (Figure 6.3). Meanwhile, no 
methane was evolved from control vials in the first 8 days, and methane was evolved in a very 
low amount starting from 9 days of incubation. The low methane production in other seawater 
sources (i. Port Dickson, Malaysia, ii. Ashiya, Japan, iii. Hibikinada, Japan, and iv. Artificial 
seawater) in first batch when compared to second and third batch of methane production might 
be due to the slow adaptability of methanogens under high salinity in seawater (Waldron et al., 
2007). 
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Hence, the salinity constraint on methanogens was improved in second and third batch of 
methane production in all seawater sources due to the adaptability of methanogens in high 
salinity of seawater. Figure 6.3 shows the improvement of methane production for all seawater 
sources was seen in second and third batch of methane assay. Methane yield increased 2 fold in 
second batch of operation when compared to first batch from seawater taken from (i) Hibikinada, 
Japan, (ii) Port Dickson, Malaysia, and (iii) artificial seawater. Under repeated batch operation, 
methane production increased and stable in third batch of operation. The same trend of methane 
production was seen in all batches of methane assay when only small traces methane was 
observed in control owing to no carbonate ion present in control vials. Throughout this study, 
enriched methanogens can be recycled and introduced in the new seawater sources for methane 
production. The microorganisms in enriched methanogens are salt-tolerant in which it can work 
well for producing methane energy using available carbon source in seawater. 
 
Figure 6.3: Repeated batch of methane production from different seawater sources. 
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6.3.4   Microbial community analysis 
 
To understand more details about bacterial community structure during methane production from 
seawater, DNA was extracted after first batch of methane assay from (i) control, (ii) 0.196 g/L 
NaHCO3, (iii) artificial seawater, and other seawater sources taken from (iv) Port Dickson, 
Malaysia, (v) Hibikinada, Japan, and (vi) Ashiya, Japan. Figure 6.4 shows DGGE profile of 16S 
rRNA communities in different samples. DGGE results shows different band patterns and 
intensities were observed between different samples. The dominant bands were excised as 
indicated by number in Figure 6.4 prior for sequence determination. Detailed analyses of each 
band shows that bacterial communities can be grouped into four phylum includes Proteobacteria, 
Fermicutes, Bacteria, and Bacteriodates (Figure 6.4). Each phylum was also abundance in other 
environmental sample, particularly in activated sludge system (Hesham et al., 2011). The 
uncultured bacteria presented from DGGE analysis was attributed to the strength of DGGE 
analysis when uncultured species can be determined by this molecular fingerprinting technique 
(Mohd Yasin et al., 2011).  
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Figure 6.4: DGGE profile of 16S rRNA band fragments under 30-57% denaturant after first 
batch of methane assay from A: seawater from Hibikinada, Japan, B: seawater from Ashiya, 
Japan, C: seawater from Port Dickson, Malaysia, D: 0.196 g/L NaHCO3, E: artificial seawater, 
and F: control.  
 
 
In bacterial community analysis, phylum Fermicutes under Clostridial genera consisted of 
Tissierella and Clostridium sp. are correlated to excised band number 7 and 12. Both Tissierella 
and Clostridium are well known as hydrogen-producing bacteria (Hu et al., 2014b; Mohd Yasin 
et al., 2011).  Throughout the repeated batch experiment, we found that hydrogen concentration 
is fluctuated during the incubation period (Data not shown). Hydrogen was initially purged in the 
reaction mixture as electron donor for methane production (Kim et al., 2013). Hydrogen amount 
fluctuation might be due to hydrogen produced in the reaction mixture. Thus, trace hydrogen was 
come from the microbial activity in seawater or in enriched methanogens by the activity of 
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Tissierella or Clostridium sp. The microbial community in the sample used available carbon 
from seawater for hydrogen production. As reported by Vardar-Schara et al (Vardar-Schara et al., 
2008b), bacterial species from genus Clostridia could produce the maximum yield of 4 mol 
hydrogen from 1 mol of glucose. Hence, microbial community in enriched methanogens could 
produce the trace amount of hydrogen gas in the anaerobic reaction mixture. 
 
 
Figure 6.5: Phylogenetic affiliation of excised band. 
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6.3.5   Comparison of methane yield from carbonate ion in seawater and high molecular weight 
substrate. 
 
Table 6.3 indicates the comparison of methane yield from carbonate ion in seawater and other 
high molecular weight substrate. During repeated batch experiment, highest methane yield from 
first batch of experiment was achieved by seawater taken from Tsunoshima, Japan, while the in 
second batch, the highest methane yield was achieved by seawater taken from Hibikinada with 
no significant different with seawater taken from Port  Dickson, Malaysia, and artificial seawater. 
 
Table 6.3: Comparison of methane production from seawater and other high molecular weight 
organic substrate. 
 
Substrate Inoculum Condition Methane yield 
(mL/g VS) 
References 
Seawater from 
Tsunoshima, Japan 
(First batch) 
 
Enriched 
methanogens 
Batch, 37 °C 351 ± 7 This study 
Seawater from 
Hibikinada, Japan 
(Second batch) 
 
403 ± 4 This study 
Artificial seawater   431 ± 34 This study 
 
Algal biomass Sludge from 
poultry processing 
industry 
 
Batch, 40 °C 9.27 (Santos et al., 
2014) 
Co-digestion of 
chicken manure and 
agricultural waste 
 
WAS Repeated batch, 
55 °C 
695 (Abouelenien 
et al., 2014) 
Olive mill solid waste Anaerobic sludge Batch, 35 °C 350 (Fernández-
Rodríguez et 
al., 2014) 
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Notably, methane yield was increased in the second batch of fermentation. The increased in 
methane yield from 351 ± 7 mL/g VS in the first batch from Tsunoshima seawater, Japan to 403 
± 4 mL/g VS in the second batch from Hibikinada seawater, Japan. Methane yield was then 
increased in the third batch of fermentation up to 431 ± 34 mL/g VS from artificial seawater. The 
results indicate that methane yield could be increased in the second batch of methane production 
due to adapted salt-tolerant methanogens during first batch of methane assay. Thus, the 
limitation of methanogenic activity under high salt content could be overcome by recycled 
sludge in seawater environment (Patel & Roth, 1977). The comparison of methane yield from 
seawater sources and other high molecular weight organics such as algal biomass (Santos et al., 
2014), co-digestion of chicken manure and agricultural waste (Abouelenien et al., 2014), and 
olive mill solid waste (Fernández-Rodríguez et al., 2014) showed that methane yield from 
seawater sources are comparable to high molecular weight organic. Much higher methane yield 
can be detected by seawater sources (351 and 403 mL/g VS) compared to algae biomass (9.27 
mL/g VS), followed by olive mill solid waste (350 mL/g VS) at mesophilic temperature (35-
37 °C). Meanwhile, much more methane yield was detected from co-digestion of chicken 
manure and agricultural waste (695 mL/g VS) at thermophilic temperature (55 °C). 
 
Hence, the ability of methane production by seawater as a carbon sources were proved in many 
points of view. (1) Methane yield are comparable to high molecular weight organics, (2) the 
experiment can be conducted at mesophilic condition without the need for high energy input in 
thermophilic condition, (3) no residues will be generated from  the experiment since 
methanogens from WAS can be recycle back to new seawater sources, (4) salt-tolerant 
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methanogens can be obtained by recycle sludge, (5) a bulk amount of seawater on the Earth 
surface could be utilize as a renewable energy source to improve the demand of fossil fuel 
resource, and (6) ocean acidification problem could be fixed  by carbon dioxide utilization in 
seawater for methane production. However, the demerit of this study is hydrogen has to be 
supplied in the reaction. The hydrogen could be produced by water electrolysis method using 
seawater as an energy sources (Stojić et al., 2003). Thus, with a proper technique and significant 
financial support, large scale methane production from seawater could be established. The credit 
in terms of economic benefits and potential could contribute significantly towards environment 
and nations. 
 
6.4   Conclusions 
 
The potential of seawater as a carbon sources for methane production was proved in this study. 
Methane production from carbonate ion reduction was proved with 100% conversion of 13CH4 
was come from NaH13CO3 reduction. High methane yield was proved at low NaHCO3 
concentration at pH value around 6 to 8 which is similar to pH in seawater. Around 300 fold 
higher methane yield was achieved from seawater sources when compared to control experiment. 
The salinity constraints to methanogens could be overcome by repeated batch of methane 
production in high salinity of seawater. Methane productions from seawater are comparable to 
methane production from high molecular weight organic. This credit can lead to higher economic 
and potential value for future renewable energy sources. 
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CHAPTER 7 
CONCLUDING REMARKS AND SUGGESTIONS FOR FUTURE RESEARCH 
 
The effective means of WAS management strategy has been investigated by bioremediation and 
bioenergy approach throughout this study. It was proved that WAS can be treated and reduced by 
biological treatment. Biological WAS utilization is a practical and appropriate method to treat 
WAS in a proper way. WAS can be treated and used as a substrate or inoculum sources for 
bioenergy production. However, research and development on WAS management should be 
carried out continuously to utilize WAS effectively. The effective utilization of WAS could lead 
to eco-friendly technologies and significant savings for industries.  
 
Figure 7 indicates the future society vision from this study to obtain zero emission of WAS. 
Initially, wastewater treatment by activated sludge system has been used worldwide originated 
from household or industrial wastewater. The treatment was done continuously, thus produced a 
bulk amount of waste activated sludge (WAS). In this study, WAS was subjected to two different 
treatment approaches such as bioremediation and bioenergy production. Bioenergy produced 
from WAS is envision to be used by society in the future. 
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Figure 7: WAS management future society vision with application of this study to obtain zero emission of WAS.
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From the first study, it was found that WAS reduction at low temperature could be accelerated 
by inoculation of low temperature tolerant bacteria, Pseudomonas sp. VNT and Aeromonas sp. 
VNT in WAS. Low temperature tolerant bacteria able to produce cold adaptive enzyme that help 
reduction of WAS under low temperature. For the future research, Pseudomonas sp. VNT and 
Aeromonas sp. VNT can be further used for degradation of WAS in a large scale study. The 
experiment aim to see the ability of both strains in utilizing WAS at large load of WAS. Genetic 
manipulation or environmental factor can be controlled to speed up WAS reduction at low 
temperature. In addition, the mechanism of sludge reduction by both isolated strains at low 
temperature can be investigated to understand more details regarding process control, hence help 
sludge reduction acceleration. Regardless of the function of both isolated strain in WAS 
reduction at low temperature, both isolated strains could produce cold adaptive enzymes such as 
lipase and protease. Enzymes produced by these strains could be further extracted for other 
research application or for industrial used. 
 
It was found from second study that WAS represented as a good substrate or nutrient additive for 
hydrogen production by a genetically engineered Escherichia coli. In this study, WAS was found 
as a good substrate after treatment with amylase and cellulase enzymes that help the degradation 
of starch and rigid structure of cellulose or hemicellulose in WAS for anaerobic degradation of 
WAS for biohydrogen production. The use of palm oil biomass such as oil palm frond (OPF) 
juice provides good sugar content for biohydrogen production. Addition of WAS to OPF juice as 
a nutrient additive give a significant impact in terms of biohydrogen yield. Metabolically 
engineered strain, E. coli BW25113 hyaB hybC hycA fdoG ldhA frdC aceE improved about 200-
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fold biohydrogen productivity from biomass sources such as WAS and OPF juice compared to 
unmodified host. Engineered strain has the feasibility in utilizing biomass sources instead of 
glucose for elevated biohydrogen production. Thus, for the future research of this study, the 
engineered strain can be tested on biomass sources in large scale study to understand the ability 
of this strain in industry for biohydrogen production. In addition, WAS can be a good nutrient 
additive and it could be mixed with other biomass sources to increased biohydrogen production 
at industrial scale. 
 
In the third objective of this study, WAS act as a catalyst for carbon dioxide (CO2) sequestration. 
This study proved the CO2 sequestration for methane production in order to provide the solution 
for greenhouse gases emission mitigation and energy demand. Methane cannot be produced 
without CO2 supplementation. About 70 fold more methane production was obtained in the vials 
sparged with the mixture of H2 and CO2. It was found that 77% 
13CH4 was derived from 
conversion of 13CO2 by chemolitothrophic activity of methanogens from WAS. This study also 
showed that supplementation of only CO2 gas could also generate methane. Hence, for future 
research, methane evolution from only CO2 gas has to be investigated to understand more details 
on the whole process mechanism. From this research, CO2 mitigation can be enhanced and 
explore in details in the future. 
 
In the final study, it was found that methane energy could be generated from seawater as a source 
of carbon. The enriched methanogens are able to survive under high salinity seawater. The 
recycled methanogens creates a benefit in terms of no residual product will be generated from 
this system. About 300 fold methane production was achieved from anaerobic incubation of 
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seawater when compared to control. With a significant financial support, methane pilot plant 
could be built near seawater source to implement this strategy as a future research. Future studies 
of producing H2 from electrolysis of seawater are important. Throughout this study, methane 
could be produce in a bulk amount with spiking of H2 generated from electrolysis of seawater. 
Furthermore, methane also could be generated and tried from other carbonate ion sources such as 
hard water containing CaCO3 that have to be treated and reduced. 
 
Hence, further study have to be carried out to strengthen the current results as well as to aims the 
ideal utilization of WAS for other beneficial products. Other study also can be carried out to 
apply all technologies used in this study to generate extra profit, as well as for environmental 
conservation strategy. 
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